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short  historical  survey  through  the  ages 


In  1989.  the  University  of  Montpellier  will  celebrate  its  700  th  birthday.  Indeed  it 
was  officially  created  by  Pope  Nicolas  IV  on  October  26,  1289.  The  papal  bull  stated  : 
"...Therefore,  we  wish  that  the  precious  pearl  of  science  propagates  through  all  countries 
and,  mainly,  in  those  which  are  recognized  as  being  suited  to  the  birth  of  that  science. 
And  Montpellier,  illustrious  and  famous  town,  is  renown  as  being  fitted  to  study  in  a 
wonderful  way.  Hence  our  feeling  is  that,  it  is  of  public  interest  to  fix  there  an 
intellectual  centre,  where  wise  men  might  collect  the  desired  fruit  that  the  science's 
supreme  Leader  would  generate.  That  is  the  reason  why,  we  decide  that  this  town  will  set 
up,  henceforth,  a  Studium  generale  where  masters  might  teach,  and  students  might  learn 
attending  lectures  in  these  Faculties..." 

Thus  bringing  together,  in  a  single  University,  the  Faculties  of  Medecine,  of  Law  and 
of  Arts,  Pope  Nicolas  IV  put  the  Schools  of  Montpellier  at  the  same  level  as  those  of 
Paris  and  Bologna. 

Indeed,  the  3  Faculties  were  born  far  before  1289.  and  the  creation  of  the  University 
was  but  an  official  recognition  of  a  preexisting  situation.  The  oldest  faculty  is, 
officially,  the  Faculty  of  Law,  the  birth  of  which  is  considered  as  being  in  the  year  1160 
when  an  Italian  from  Piacenza  came  there,  but  one  might  infer  that  this  was  so  because 
this  faculty  had  some  renown  already.  The  Faculty  of  Medecine  was  born  on  August  17th, 
1220,  but  it  has  been  proved  that  it  was  already  famous  in  the  German  town  of  Mayence  in 
1137-  The  faculty  of  Arts  was  officially  born  on  March  20th,  1242. 

Following  the  French  Revolution  of  1789,  the  University  of  Montpellier  was  closed,  as  was 
every  French  University,  in  1792.  Nevertheless,  the  Faculty  of  Medecine  was  created  again 
as  a  "School  of  Health",  as  early  as  179**,  so  were  Paris  and  Strasbourg. 

-  The  Faculty  of  Medecine  was  restored  in  1803. 

-  The  Faculty  of  Litterature  (ancient  faculty  of  Arts)  was  restored  in  1808,  and 
transformed  into  a  Faculty  of  Litterature  and  Human  Sciences  in  1957- 

-  The  Faculty  of  Law  was  restored  in  1878  and  became  the  Faculty  of  Law  and  Economic 
Sciences  in  1957 • 

-  In  the  meantime,  the  Faculty  of  Sciences  had  been  created  in  1809,  as  a  developping 
branch  of  the  ancient  Faculty  of  Arts . 

Other  institutions  were  created  : 

-  A  school  of  Pharmacology,  created  in  1803  and  transformed  into  a  faculty  in  1920. 

-  The  Agronomy  High  School  (Engineering  school)  in  1873. 

-  The  Chemistry  High  School  (Engineering  school)  in  1857. 

-  The  University  Institute  of  Technology  (Technicians  and  Assistant  Engineers)  in  1968. 

-  The  Science  Institute  for  Engineers  (Engineer  school  inside  the  faculty)  in  1971. 

This  short  overview  clearly  exhibits  the  dynamism  of  the  University  of  Montpellier, 
which  was  split  into  3  sub-Univcrsit1«*s  in  1968,  and  which,  in  spite  of  its  old  age,  with 
its  47  000  students,  is  permanently  recovering  jv/uth  through  unceasing  struggles  and 
fights  against  routine  and  facility,  these  two  poisons  of  University  spirit. 


PREFACE 


It  is  a  great  pleasure  and  a  great  honour  to  welcome  the  European  Solid  State  Device 
Research  Conference,  for  the  second  time  in  Montpellier. 

The  call  for  papers  of  the  ESSDERC  88  was  a  great  success,  since  387  papers  were 
submitted,  among  which  171  were  selected  for  presentation  at  the  conference.  The  accepted 
papers  include  the  names  of  565  different  authors,  scattered  among  19  different  countries. 
Besides  the  normal  contributions,  14  invited  papers  have  been  selected  among  more  than  60 
proposals  of  the  program  committee  and  of  the  representatives  of  the  ESSDERC. 

These  few  statistics  clearly  exhibit  the  vitality  and  the  dynamism  of  the  field  of 
Research  in  Devices,  covered  by  the  ESSDERC  Conference.  It  also  emphasises  the  efforts 
made  by  European  countries  in  that  domain.  Now,  not  only  Germany,  Great  Britain  and  France 
bring  an  important  contribution  to  that  conference,  as  had  been  the  case  during  the  last 
ten  to  fifteen  years,  but  more  and  more  European  countries  become  deeply  involved, 
scientifically  and  economically,  in  that  strategic  domain.  From  this  point  of  view,  two 
features  are  highly  significant  : 

-  Other  European  countries  are  now  becoming  included  in  the  "ESSDERC  circuit",  starting 
from  Italy  (ESSDERC  87  held  in  Bologna) . 

-  At  the  ESSDERC  78,  also  held  in  Montpellier,  exactly  10  years  ago,  136  papers  had  been 
selected,  among  182  submitted  :  hence  twice  more  papers  have  been  submitted  at  the 
ESSDERC  88  than  at  the  ESSDERC  78,  which  clearly  shows  the  increasing  growth  of  the  field, 
and  the  rejection  rate  was  at  that  time  25J£  instead  of  56%  now,  which  could  indicate  an 
increasing  quality  of  the  accepted  papers. 

Also,  within  this  ten  years  period,  two  important  events,  related  to  the  Conference, 
took  place  : 

-  The  Montpellier  ESSDERC  78  Conference  was  the  first  time  when  proceedings  of  contributed 
papers,  and  not  just  of  invited  papers,  were  published.  At  that  time,  only  52  papers  had 
been  published,  of  the  136  presented,  after  reviewing,  during  the  Conference,  the 
55  papers  submitted  for  publication.  However,  this  attempt  was  abandoned  in  the 
subsequent  Conferences,  except  in  a  few  cases  (Lille  ESSDERC  84  for  example). 

-  At  the  Bologna  ESSDERC  87  Conference,  the  proceedings  of  all  the  contributed  papers  were 
for  the  first  time  provided  to  the  participants  at  the  beginning  of  the  conference.  This 
is  considered  as  being  a  major  improvement,  which  was  tried  to  be  kept  in  the 
Montpellier  ESSDERC  88  Conference.  The  Organizors,  as  well  as  the  Program  Committee, 
strongly  hope  that  this  tradition,  now  established,  will  be  kept  in  the  future. 

The  ESSDERC  Conference  covers  a  broad  spectrum  of  scientific  topics,  within  the 
general  scope  of  the  physics  and  of  the  technology  of  logic  and  analog  solid  state 
devices,  including  fabrication,  modeling,  characterization. 

Therefore,  it  is  intended  : 

-  to  provide  an  international  forum  for  scientists  and  professionals  wishing  to  broaden 
their  scientific  culture. 

-  to  encourage  the  exchange  of  technical  information  beyond  the  limits  of  specific  areas. 

-  to  encourage  cooperation  between  scientists  and  professionals  of  different  institutions 
and  countries. 

We  hope  that  the  Montpellier  ESSDERC  88  Conference  will  help  people  in  doing  so. 

Finally,  I  would  like  to  thank  all  those  who  made  a  considerable  effort  in 
contributing  to  the  organization  of  the  Conference,  in  selecting  papers,  planning 
programmes,  chairing  sessions,  preparing  invited  talks.  A  special  acknowledgement  is  due 
to  the  Organizations,  listed  in  a  separate  page,  which  have  sponsored  and  supported  the 
Conference. 
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R6sum6  -  Les  technologies  de  realisation  de  silicium  sur  isolant  (SOI)  sont  som- 
mairement  d^crites  avec  quelques  propri6t6s  spScifiques.  La  realisation  de  SOI  ne 
requiert  pas  seulement  un  silicium  parfaitement  realise  mais  aussi  des  couches 
adjacentes  non  perturbees  par  1' action  de  la  recristallisation  et  un  substrat  qui 
est  reste  en  bon  etat. 

Les  probifemes  expferimentaux  etablis  par  les  techniques  SOI  sont  indiques  et  dis¬ 
cutes. 

Le  passe,  le  present  et  l'avenir  de  SOI  seront  fevalufes  sans  vouloir  fetre  complet. 

Abstract  -  Technologies  applied  for  silicon  on  insulator  (SOI)  are  briefly  described 
as  well  as  their  specific  properties.  Conditions  of  realizing  SOI  not  only  imply 
obtaining  a  perfect  monocrystalline  silicon  layer  but  also  an  undamaged  stack  of 
(SOI)  layers  and  a  defect-fret  substrate. 

Technological  problems  encountered  by  applying  the  various  SOI  techniques  are  de¬ 
scribed  and  discussed  in  some  detail. 

Past,  present  and  future  of  SOI  will  be  evaluated  in  some  aspects. 


1  -  MOTIVES 

Silicon-on-sapphire  (SOS)  can  certainly  be  entitled  as  one  of  the  progenitors  of  silicon-on- 
insulator  (SOI),  an  heteroepitaxial  approach  of  the  latter  subject.  It  had  then  probably  as  a 
first  incentive  to  make  available  monocrystalline  silicon  on  top  of  an  insulator  giving  in 
this  way  a  radiation-hard  material  which  had  to  remain  operative  under  circumstances  of  se¬ 
vere  radiation  impact.  SOS  has  had  a  flourishing  time  of  research  in  the  early  and  mid  seven¬ 
ties.  Deceptions  have,  however,  arisen  due  to  the  mediocre  quality  of  the  silicon  brought 
about  that  time.  Only  recently  this  circumstance  has  been  improved* )  by  careful  materials 
engineering. 

In  the  meantime  researchers  have  explored  new  issues^. 5)  f0r  the  realization  of  SOI  but 
now  directed  towards  the  more  generally  progressing  development  of  the  IC  technology. 

These  novel  goals  imply  a  higher  operating  speed,  lower  dynamic  power  consumption,  greater 
packing  density,  ameliorated  radiation  tolerances,  some  simpler  fabrication  sequences,  more 
layout  flexibility  and  immunity  to  latch-up  for  CMOS  circuits. 
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The  incentives  and  potential  advantages  of  SOI  and  device  applications  have  been  well  de¬ 
scribed  and  formulated  in  the  past^). 

The  state  of  the  art  of  SOI  technologies  and  the  aims  for  the  future,  provided  with  some  mar¬ 
ginal  notes,  will  be  the  subject  matter  of  this  paper. 

2  -  STATE  OF  THE  ART  OF  EXISTING  SOI  TECHNOLOGIES 

The  list  below  shows  the  subjects  which  have  to  be  treated  to  give  a  more  or  less  complete 
impression  of  the  technologies  nowadays  pursued. 

I.  Zone-Melting  Recrysfallizaticn  (ZMR) 

-  laser  recrystallization  (Argon-ion,  CO2); 

-  electron-beam  recrystallization 

-  recrystallization  by  lamp  annealing 

-  recrystallization  by  graphite-strip  heater 

II.  Separation  by  IMplanted  OXygen  (SIMOX); 

III.  Full  Insulation  by  Porous  Oxidized  Silicon  ( F IPOS ) ; 

IV.  Lateral  Solid-Phase  Epitaxial  Growth  (L-SPEG); 

V.  Wafer  bonding  and  wafer  thinning; 

VI.  Heteroepitaxial  SOI. 

The  subjects  mentioned  are  reviewed  following  this  scheme. 

I •  Laser  &  electron-beam  recrystallization;  lamp  &  graphite-atrip  heater  recrystallization 
Laser  physics  has  evaluated  to  mature  laser  tools  for  industrial  applications.  At  least  two 
types  are  available  as  continuous  wave  lasers  with  a  sufficiently  high  power  output  to  this 
aim:  the  Argon-ion  laser  in  the  visible  (more  than  20  Watts  C.W.)  and  the  CO2  laser  at  10,6 
pm  wavelength  (normally  about  50  Watts  C.W.  but  if  requested  more  than  1  kWatt).  Both  laser 
types  have  in  SOI  their  own  merits. 

The  Argon-ion  laser  tube  has  a  reasonable  short  life  (2000  hours)  and  the  power  is  somewhat 
limited  e.g.  to  form  a  broader  linespot.  The  CO2  laser  has  a  long  life  due  to  the  fact  that 
it  is  a  continous  gas-flowing  system  but  C02-laser  radiation  is  hardly  absorbed  by  undoped 
silicon  at  low  temperatures.  Therefore  it  has  to  start  heating  up  the  polycrystalline  silicon 
by  absorption  in  the  sandwiching  Si02  layers.  Only  from  800’C  on  silicon  is  absorbing  10.6  pm 
radiation  by  its  free  electrons.  So  the  two  laser  systems  have  intrinsic  differences  and  the 
achievements  with  them  cannot  be  exchanged  without  due  consideration. 

By  far  the  main  part  of  laser-recrystall ization  research  has  been  done  with  the  Argon-ion 
laser  and  often  very  successfully.  Nevertheless,  no  example  is  known  so  far  having  reached  a 
real  industrial  level.  This  is  probably  due  to  the  fact  that  specific  wafer  engineering  is 
required  in  order  to  obtain  a  result  sufficiently  outstanding  to  be  mentioned  fully  repro¬ 
ducible  and  adapted  to  the  IC's  of  today.  Or  in  other  words,  the  adventitious  circumstances 
are  so  specific  that  for  the  moment  no  direct  transfer  from  research  to  industry  seems  to  be 
undertaken.  The  probable  reasons  will  be  discussed  in  more  detail  below. 
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Electron-beam  recrystallization  is  another  possibility  for  local  ZMR.  Electron-beam  heating 
has  the  advantage  that  all  materials  whereupon  the  electron  beam  impinges,  are  fully  absorb¬ 
ing.  Therefore  the  input  energy  is  primarily  dissipated  in  the  top  layer. 

Furthermore  an  electron  beam  can  easily  be  directed/transformed  in  shape/ scanned  by  electro¬ 
magnetic  means.  Beam  shaping  and  scan  velocity  can  be  mastered  in  a  most  flexible  way.  The 
energy  can  be  made  sufficiently  large  for  line  scanning,  bringing  about  larger  area  recrys¬ 
tallization  in  one  run.  Nowadays  vacuum  has  to  be  considered  as  mastered.  So  electron-beam 
recrystallization  is  certainly  one  of  the  candidates  for  an  SOI  technology  for  the  future. 
However,  electron-beam  systems  adapted  to  an  SOI  technology  have  not  been  made  commercially 
available  and  this  fact  surely  has  hampered  a  larger  scale  evaluation  with  it. 

Laser  recrystallization  and  electron-beam  recrystallization  are  typical  local-area  recrystal¬ 
lization  technologies,  limiting  a  high  production  of  throughput  if  wafers  have  to  be  treated 
at  full  width. 

This  limitation  is  removed  by  the  next  two  technologies:  ZMR  by  lamp  or  graphite-strip  heat¬ 
ing.  Both  technologies  need  a  homogeneous  substrate  temperature  in  the  order  of  1100'C,  nor¬ 
mally  supplied  from  below  the  wafer.  As  soon  as  the  bias  temperature  has  been  reached  a  line 
source  (focussed  lamp  light  or  heated  graphite  strip)  melts  the  polysilicon  layer  over  the 
entire  width  of  the  wafer  in  one  run.  Lamp  heating  itself  is  very  clean  (the  carbon  substrate 
holder  might  contaminate),  carbon-strip  heating  gives  somewhat  contamination  due  to  evapora¬ 
tion  of  carbon.  Device-quality  SOI  has  been  realised  this  way.  Due  to  the  high  substrate  tem¬ 
perature,  the  thermal  gradient  of  the  zone-melting  silicon  layer  is  small  which  is  favourable 
for  a  defect-free  silicon  in  selected  areas.  Optimum  engineering  entrains  the  defects  to  pre¬ 
determined  line  sections;  often  only  isolated  defects  occur. 

II.  SIMOX  (Separation  by  Implanted  Oxygen) 

The  incentive  of  ZMR  is  to  transform  polysilicon  to  monocrystalline  silicon.  Another  approach 
is  to  start  from  perfect  single-crystalline  material  and  to  create  a  buried  electrically  in¬ 
sulating  layer  below  the  surface  with  the  restriction  that  the  top  silicon  layer  remains  in  a 
single-crystalline  state  during  the  treatments.  This  challenge  has  been  met.  Standard  silicon 
wafers  are  implanted  with  a  high  dose  of  oxygen  ions  (dose  e.g.:  2.5x1018  o+  cm-2;  energy: 
200  keV)  at  a  temperature  between  500  and  650’C,  keeping  the  wafer  out  of  the  amorphization 
range  due  to  in-situ  annealing.  Nowadays  high-current  oxygen  implanters  are  available  to  re¬ 
alize  such  a  high  dose  in  a  reasonable  time  (but  still  hours  of  implantation). 

Implantation  is  followed  by  a  high-temperature  anneal  step  in  excess  of  1300'C  to  restore  the 
implantation-damaged  superficial  Si  layer  and  to  eliminate  precipitates  of  Si02  by  dissolving 
them  and  diffusing  the  oxygen  atoms  into  the  buried  Si02  layer.  So  after  successful  annealing 
an  SOI  layer  remains  saturated  with  oxygen  atoms  up  to  the  solid  solubility  limit. 

Secondly,  dislocations  are  formed  during  that  post- implantation  anneal  step,  having  a  density 
of  109  per  cm2.  The  oxygen  precipates,  however,  can  be  removed  (dissolved)  during  the  high- 
temperature  anneal,  the  dislocations  cannot. 

Even  at  temperatures  only  a  few  degrees  below  the  melting  point  of  silicon,  the  dislocation 
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density  hardly  diminishes.  In  such  a  case  it  can  be  said:  prevention  is  better  than  cure.  And 
research  tends  in  this  direction.  Several  solutions  have  been  indicated  recently.  Channeling 
implants  at  low  dose  rates  drastically  reduces  implantation  damage.  Sequential  subcritical 
dose  implantation  followed  by  an  anneal  step  in  an  intermittent  way  changes  the  damage  pro¬ 
file  leading  to  a  low  dislocation-content  SIMQX.  Cavities,  probably  filled  with  oxygen, 
caused  by  high  dose,  high  beam  current  implantation  into  unprotected  bare  Si  wafers,  may  play 
a  role  in  defect  confining  during  a  high-temperature  anneal  step.  Two  MeV  high  energy  oxygen 
implantations  seem  to  be  a  good  energy  range  for  low-density-dislocation  achievements.  These 
four  means  reduce  the  dislocation  density  to  10^  per  cm2  or  less. 

SIMOX  is  one  of  the  promising  technologies  for  2-dimensional  planar  SOI.  High-dose  implanta¬ 
tion  and  high-temperature  annealing  are  processing  steps  compatible  with  existing  IC  clean- 
room  technologies. 

SIMOX  is  a  most  adapted  technology  for  very  thin,  (100  -  200  nm)  SOI  layers,  the  essential 
prerequisite  for  advanced  CMOS  technologies,  notably  if  SOI  layers  thinner  than  the  depletion 
layer  are  required?). 

SIMOX  challenges  a  dislocation-preventable  realization  scheme  to  be  established. 

Nevertheless,  M0S  technology  applied  to  high-temperature  annealed  samples,  show  Hall  mobili¬ 
ties  comparable  to  bulk  silicon,  an  acceptable  low  density  of  interface  states  and  low  leak¬ 
age  currents. 

III.  FIP05  (full  Insulation  by  Porous  Oxidized  Silicon) 

Since  a  long  time  it  is  well  known  that  the  anodic  dissolution  of  doped,  respectively  undoped 
silicon,  or  differently  doped  silicon,  in  aquous  Hf  solutions  can  be  quite  different.  This  is 
the  basic  phenomenon  behind  porous  silicon,  the  starting  material  of  FIP0S.  Under  influence 
of  an  electric  field,  p-doped  silicon  (e.g.)  is  very  sensitive  to  HF  etching,  contrary  to 
n-doped  silicon.  Curious  enough,  the  HF  etching  occurs  locally  in  pores  (porosive  etching) 
and  not  isotropically  as  one  would  expect  from  pure  electrochemical  reasons.  Now,  if  porous 
silicon,  having  a  high  surface  to  volume  ratio  below  an  unetchable  silicon  layer,  is  brought 
about,  SOI  can  be  realized  by  applying  a  three-step  annealing/oxidation  process  occurring  in 
the  pores: 

-  preoxidation  at  300’C  in  dry  oxygen;  result:  oxygen  atoms  adhere  to  the  walls  of  the  pores; 

-  complete  oxidation  of  the  pores  at  8QQ*C;  and 

-  densification  of  the  obtained  silicon  oxide  at  1050  -  1090*C  in  wet  oxygen,  often  followed 
by  an  annealstep  in  nitrogen. 

In  this  way  islands  of  SOI  have  been  realized  and  IC's  have  been  made  in  them  with  good  elec¬ 
trical  properties. 

So,  FIP0S  is  certainly  a  candidate  for  SOI.  However,  this  is  not  the  final  verdict  in  this 
matter  because  porous  silicon  as  a  phenomenon  is  still  a  subject  of  research.  The  buried 
siliconoxide  layer  does  not  have  properties  of  a  top  quality  insulating  layer.  The  SOI  is¬ 
lands  suffer  from  stress  Induced  by  the  buried  oxide  layer,  in  some  cases  even  causing  dislo¬ 
cations  in  the  SOI.  The  island  surface,  so  far  realized,  is  rather  small,  often  stripe-type 
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and  not  exceeding  a  length  of  a  few  hundreds  of  microns.  The  islands,  however,  are  fully 
isolated.  FIPOS  awaits  further  evaluation  if  not  a  next  invention. 

Besides  this,  wet  chemical  silicon  engineering  is  not  a  most  adapted  clean-room  technology. 
CMOS  processes  have  been  applied  to  test  FIPOS  material.  Good  electrical  characteristics  are 
obtained,  comparable  to  bulk  silicon  values. 

IV.  L-SPEG  (Lateral  Solid-Phase  Epitaxial  Growth) 

Homoepitaxy  is  a  most  perfectly  adapted  way  of  doing  epitaxy.  Lattice  constant,  dilatation 
and  atomic  bonding  forces  between  substrate  and  "epimaterial"  are  completely  tuned.  Only  as 
soon  as  homoepitaxy  is  required  in  a  patterned  structure  of  holes  in  an  insulator,  problems 
arise  due  to  sidewall  effects.  But  these  difficulties  can  be  overcome. 

Moreover,  in  the  case  of  silicon  homoepitaxy,  the  native  oxide  layer  has  to  disappear  before 
deposition  of  amorphous  silicon  or  direct  epitaxial  growth  of  silicon  occurs.  And  besides 
this,  the  substrate  surface  has  to  be  cleaned  up  to  the  highest  levels  of  chemical  clean¬ 
liness.  But  nowadays  these  painstaking  circumstances  have  been  mastered  as  has  been  shown  in 
ultra-high  vacuum  techniques. 

Lateral-SPEG  reaches  much  farther  than  homoepitaxy  alone.  In  such  a  case  one  wants  to  realize 
homoepitaxy  to  be  laterally  grown  in  amorphous  silicon  over  an  insulating  layer  by  starting 
the  lateral  growth  on  top  of  planarized,  homoepitexially  grown  seeding  spots  or  lines. 

This  all  together  constitutes  the  basic  procedure  for  lateral-SPEG.  It  seems  so  simple  but 
some  steps  are  critical. 

L-SPEG  is  a  low-temperature  procedure,  realization  below  650*C  is  feasible.  However,  the 
width  of  overgrowth  in  amorphous  silicon  is  limited  due  to  polycrystalline  growth  arising 
from  nuclei  in  the  not  yet  overgrown  region;  order  of  magnitude  of  the  epitaxially  grown 
stripes:  a  few  microns.  Only  in  heavily  doped  silicon  the  extensions  can  be  made  much  larger 
but  this  is  not  a  suitable  specification  for  IC  applications. 

V.  Wafer  bonding  and  wafer  thinning 

Silicon  technology  is  renowned  for  its  constraints  against  procedures  which  contaminate. 

Most  wafer-bonding  procedures,  e.g.  by  solder  or  spin-on  glasses  fall  under  this  head.  How¬ 
ever,  Van  der  Waals  bonding  in  its  most  simple  form,  does  not.  This  bonding  occurs  already  if 
two  flat  polished  material  planes,  having  a  high  surface  finish,  are  brought  in  "optical" 
contact.  By  this  simple  clean  handling,  dipole  forces  are  induced  into  the  two  surfaces  at 
short  distance  expelling  the  layer  of  air  in  between.  These  forces  are  strong  under  shear  and 
pressure,  soft  under  pulling.  They  can  be  strengthened  by  an  anneal  step  causing  chemical 
bonding  at  the  interface.  This  way  also  silicon  wafers  can  be  bonded  as  well  as  silicon 
wafers  having  on  top  a  siliconoxide  layer.  In  the  latter  case  an  insulating  layer  is  buried, 
the  necessary  condition  for  SOI.  The  next  step  now  ia  to  thin  one  of  the  wafers  (the  active 
wafer)  to  the  thickness  above  the  buried  siliconoxide  layer  required.  This  thinning  is  nor¬ 
mally  done  by  introducing  an  automatic  stopper  built  in  into  the  active  wafer.  In  this  re¬ 
spect  the  etching  of  highly-doped  silicon  having  on  top  a  lowly-doped  epilayer,  is  well 
known.  Etching  stops  as  soon  as  the  lowly-doped  epilayer  is  reached.  However,  the  highly- 
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doped  substrate  has  some  detrimental  effects  on  the  epilayer. 

Now  recently  we  suggested  a  procedure  of  Van  der  Weals  bonding  and  thinning  without  an  auto¬ 
matic  stopper.  In  this  case  two  thermally  oxidized  standard  wafers  are  Van  der  Waals  bonded. 
The  handling  wafer  of  the  two  is  mechanically  polished  on  both  sides  before  bonding  up  to  an 
"optical  precision"  concerning  flatness  and  homogeneity  of  thickness  (submicron  precision). 
Mechanical,  i.e.  standard  optical  polishing,  gives  a  high  geometrical  precision  but  subsur¬ 
face  damage.  Standard  silicon-wafer  polishing  is  done  by  tribochemical  polishing  (Syton  pol¬ 
ishing  =  in  a  slurry  of  Si02  grains  in  a  NaOH  solution).  This  gives  a  lower  geometrical  pre¬ 
cision  but  a  damage-free  (sub)surface.  The  active  wafer  now  is  mechanically  polished  somewhat 
above  the  thickness  of  the  damaged  layer  plus  the  required  SOI  thickness.  The  final  treatment 
then  is  a  short  Syton  polishing  step  to  remove  the  thin  subsurface  damaged  layer.  One  stops 
polishing  as  soon  as  the  required  SOI  thickness  is  reached.  So  doing  wafer  bonding  and 
thinning  is  reduced  to  the  most  elemental  steps  of  wafer  manufacturing.  Only  the  geometrical 
precisions  have  to  be  upgraded. 

Wafer  bonding  and  thinning  is  a  technology  which  requires  polishing  facilities  which  are  not 
always  available  in  research  environments.  This  technology  has  therefore  so  far  received 
limited  attention,  although  it  is  compatible  with  "silicon-wafer-manufacturer"  techniques.lt 
could  even  be  envisaged  in  how  far  it  constitutes  a  pure  wafer-manufacturer  technology. 

VI.  Heteroepitaxial  SOI 

Heteroepitaxially  grown  silicon  on  sapphire,  SOS,  initiated  once  SOI  but  today  silicon  on  an 
amorphous  insulator  surpasses  SOS  by  far. 

This  is  understandable  as  constraints  for  heteroepitaxial  growth  are  rather  severe: 

-  the  lattice  contents  have  to  be  matched, 

-  the  dilatations  as  a  function  of  temperature  have  to  be  adapted  and 

-  there  has  to  be  susceptibility  for  atomic  bonding. 

Silicon  is  very  sensitive  to  active  hydrogen  and  oxygen  8toms  which  implies  that  only  top- 
level-clean  environments  are  appropriate  to  this  aim.  Chemical  Vapour  Deposition  (CVD)  and 
Molecular  Beam  Epitaxy  (MBE)  are  technologies  basically  well  prepared  for  it. 

Sapphire  as  substrate  is  a  candidate  and  SOS  is  still  investigated,  even  applied  for  somewhat 
exotic  applications. 

Spinel  (MgAl20$)  has  been  used  in  a  CVD  experiment®)  but  it  seems  not  to  have  resulted  in  a 
breakthrough. 

Zirconia  (i.e.  Zr02,  stabilized  to  a  cubic  phase  by  the  addition  of  Y2O3)  *s  another  candi- 
date^)  which  can  synthetically  be  grown  up  to  large  diameters.  Its  lattice  constant  has 
somewhat  to  be  adapted  to  silicon  but  mainly  dilatation  of  zirconia  (  «  110xl0-7/*C)  differs 
too  much  from  that  of  silicon  (  « 35xlO”^/'C).  Therefore  a  modified,  more  adapted  zirconia 

crystal  might  be  a  worthwhile  research  subject  to  this  end. 

So  to  say,  a  well  insulating,  monocrystalline  substrate  which  has  the  right  chemical  and 
physical  properties  and  which  is  IC  compatible,  has  still  to  be  found. 
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3  -  ADVENTITIOUS  MATTERS  AND  CONSTRAINTS 

First  goal  in  SOI  is  to  realize  perfect  silicon  on  top  of  an  insulator.  The  conditions,  how¬ 
ever,  under  which  SOI  realizations  have  to  occur  are  rather  critical  and  strict.  That  is  why 

one  has  to  keep  count  of  a  larger  number  of  circumstances  which  will  briefly  be  discussed 

below. 

I.  Adventitious  matters 

-  Silicon  technology  can  be  divided  into  two  main  streams  of  activities:  CMOS  and  bipolar. 

SOI  specifications  for  these  two  categories  diverge.  CMOS  is  expected  to  become  optimized 
in  submicron-thick  insulated  silicon  layers.  This  condition  is  not  guaranteed  by  all  the 
methods  described. 

Bipolar  circuits  on  the  contrary  are  often  scheduled  on  thicker  SOI  layers  of,  say,  a  few 
microns  thickness.  SOI  for  bipolar  circuits,  however,  seems  to  be  less  in  demand  than  for 
CMOS. 

In  special  cases  bipolar  (power)  switching  can  be  combined  with  CMOS-SOI  control  circuitry 
(intelligent  power)  to  guarantee  electrical  insulation  and  noise  immunity. 

-  Given  the  technology,  small  stripes,  larger-area  SOI,  alternating  defect-free/ defect-con¬ 
taining  areas,  and  full  wafer  scale  SOI  can  be  realized. 

-  All  materials  and  layers  used  in  SOI  have  to  be  IC  compatible.  If  spin-on  glasses  and  BPSG 
(boro-phosphate-silicate  glass)  layers  are  applied,  whatever  may  be  the  reason,  the  appli¬ 
cability  in  an  IC  production  environment  is  restricted.  Carbon  contamination  of  the 
graphite-strip  heater  are  in  many  cases  not  acceptable. 

-  All  SOI  processing  steps  have  to  be  IC  compatible.  Extreme  anneal  steps  (  >1200*C)  are  not 
considered  to  be  standard  IC  achievements. 

-  In  local-area  recrystallization  processing,  scan  velocity  plays  an  important  role.  An  in¬ 
dustrially  acceptable  production  of  throughput  has  to  be  feasible. 

-  In  the  whole  processing  scheme  two-dimensional  or  three-dimensional  circuit  goals  consti¬ 
tute  basic  conditions  for  the  method  applied.  A  proper  choice  what  technology  will  be  the 
most  suited  one,  has  to  be  made  beforehand. 

-  The  necessary  energy  density  is  a  decisive  parameter  in  the  optimization  of  defect-free 
SOI.  It  has  to  be  sufficiently  low  to  prevent  an  intermixed  environmental  stack  of  layers 
on  top  of  a  defect-full  substrate. 

-  In  some  technologies  it  is  not  straightforward  to  couple  the  input  power  homogeneously  into 
the  to  be  recrystallized  layer,  seen  over  the  whole  width  of  a  wafer.  For  example,  laser 
power  input  has  shown  to  be  sensitive  to  small  thickness  variations,  probably  in  the 
capping  layer,  whatever  may  be  the  cause  (mode  competition?). 

-  For  the  future  of  SOI  it  is  a  necessity  to  widen  the  "operating  window"  of  severel  methods 
described  to  become  an  advisible  method  for  real  SOI  propositions. 

-  In  some  cases  it  haa  to  be  envisaged  whether  the  technology  is  an  IC-environmental  technol¬ 
ogy  or  a  wafer-manufacturer  technology  (SIMOXj  wafer  bonding  and  thinning). 
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II.  Technological,  experimental  and  Industrial  constraints 

As  soon  as  SOI  has  been  realized  (first  aim)  the  perfectness  of  the  silicon  layer  (second 
aim)  is  subject  of  research  as  well  as  the  "new"  conditions  of  its  adjacent  layers  (third 
aim). 

In  this  respect  not  all  the  technologies  described  have  the  same  behaviour.  Let  us  take  as  an 
example  zone-melting  recrystallization. 

Generally  speaking,  grain  boundaries  are  the  main  class  of  defects  encountered.  They  arise 
automatically  from  an  inhomogeneously  diverging  solidifying  meltfront.  They  cannot  be  cured, 
they  have  to  be  prevented  or  confined  in  such  a  way  that  they  occur  only  in  predetermined 
areas  where  their  existence  is  not  detrimental  for  the  functioning  of  the  devices.  This  can 
be  brought  about  by  three  technological  issues: 

-  adapted  heat  transfer  to  the  substrate  (heat  sink  structure) 

-  adapted  reflective  and  antireflective  patterning  of  the  capping  layer  and 

-  beam  shaping  (applies  only  in  some  cases  of  ZMR). 

Best  results  are  obtained  if  the  temperature  gradient  is  as  small  as  possible  but  this  condi¬ 
tion  pushes  the  substrate  temperature  to  values  which  are  considered  to  be  too  high  in  IC 
processing  (>1300*C). 

The  crystallographic  homogeneity  of  recrystallized  SOI  layers  is  often  poor.  X-ray  analyses 
and  RBS  measurements  show  in  the  SOI  a  plurality  of  crystallographic  planes.  In  other  cases 
of  small-angle  grain  boundaries  the  axis  vectors  are  in-plane  rotated  over  a  small  angle 
(normally  smaller  than  5*). 

The  crystallographic  inhomogeneity  can  be  resolved  by  seeding  the  crystallizing  front  from 
the  underlying  silicon  substrate.  However,  seeding  disturbs  the  heat  transfer  locally  so 
severely  that  careful  engineering  is  necessary  to  obtain  an  acceptable  result. 

SOI  realized  by  applying  locally  a  too  high  energy  density  gives  rise  to  melting  phenomena  in 
the  stack  of  layers.  This  entails  often  mass  flow  in  the  recrystallizing  silicon  layer  which 
results  in  an  SOI  layer  of  inhomogeneous  thickness. 

Structuring  of  the  insulating  layer  gives  rise  to  a  non-flat  SOI  layer  which  deforms  easily 
during  recrystallization. 

In  many  cases  SOI-treated  wafers  show  an  unevenly  high  warpage  or  bowj  up  to  values  of  more 
than  100  pm.  If  this  has  happened  an  enormous  amount  of  plastic  deformation  has  occurred.  And 
plastic  deformation  in  monocrystalline  materials  is  the  sure  proof  of  many  defects  present, 
often  complete  networks  of  dislocations  to  relieve  the  stress  or  strain  have  arisen. 

In  brief,  SOI  engineering  entails  a  complex  of  phenomena  which  all  have  to  be  within  the 
limits  of  acceptance  of  advanced  silicon  technologies.  This  all  together  makes  SOI  really  a 
harder  goal  to  meet  than  many  researchers  have  supposed  it  was. 

4.  PROSPECTS 

SOI  in  the  technological  sense  is  in  full  pace  of  exploration  towards  an  applicable  addition 
to  existing  IC  technologies.  The  table  gives  concisely  a  survey  of  what  is  technologically 


SOI  Technology  Usable  3-D  SOI  perfectness  Particularities 

SOI  area  candidate 
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Table:  SOI  technologies:  figures  of  merit 


Particularities 

Technology  to  be  applied  during  IC  processing; 
careful  engineering  required  to  prevent  device  degrading; 
submicron  MOS;  low  throughput. 

Technology  to  be  applied  during  IC  processing; 
vacuum  environment;  careful  engineering  required  to  prevent 
device  degrading;  submicron  MOS;  low  throughput; 
pseudo  line  scan. 

Technology  to  be  applied  in  early  stage  of  IC  processing; 
higher  throughput;  lower  defect  density;  submicron  MOS; 
wafer  warpage 

Technology  to  be  applied  in  early  stage  of  IC  processing; 
well  suited  for  thicker  SOI  layers  (>  10  |im); 
higher  throughput;  wafer  warpage. 

A  technology  for  wafer  suppliers  before  IC  processing; 
most  adapted  to  existing  silicon  technology;  submicron  MOS. 

A  technology  with  a  limited  applicability  due  to  the  smallness 
of  the  islands;  a  technology  before  IC  processing; 
submicron  and  thicker  layers. 

A  technology  with  a  limited  applicability  due  to  the  smallness  of 
the  stripes;  processing  IC  compatible;  submicron  Si-layer. 

Advanced  technology  of  wafer  production;  thicker  SOI  layers 
(1  -  5  pm);  technology  for  wafer  suppliers. 

Technology  to  be  evaluated;  IC  compatibility  dependent  on 
substrate  material. 

SOI  perfectness 

entrainment 

defects 

entrainment 

defects 

carbon  contamination; 
can  be  made 
defect  free 

can  be  made 
defect  free 

dislocations  to  be  pre¬ 
vented;  oxide  precipi¬ 
tates  to  be  annealed 

not  dislocation  free 

twins 

comparable  to 
bulk  silicon 

so  far  not  defect  free 
due  to  lattice  mismatch 
and  dilatation 

3-D 

candidate 

yes 

yes 

no 

no 

no 

no 

yes 

yes 

probably 

yes 

Usable 
SOI  area 

small 

small 

larger 
up  to  full 
scale 

laiger 
up  to  full 
scale 

full 

wafer 

ilfl 

small 

stripes 

full 

wafer 

substrate 

scale 

l 

i 

Laser 

recrystallization 

Electron-beam 

recrystallization 

Graphite-strip  heater 
recrystallization 

Tungsten-halogen  lamps 
recrystallization 

SOI  by  O  *  ion  implantation 
and  annealing;  SIMOX 

Full  insulation  of  porous 
oxidized  SI;  FIPOS 

Lateral  solid-phase 
epitaxial  growth;  L-SPEG 

SOI  by  wafer  bonding 
and  thinning 

Heteroepitaxy 

and  dilatation 
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going  on  and  some  characteristics  belonging  to  it. 

All  technologies  described  are  in  a  state  of  evaluation;  no  one  so  far  is  settled. 

A  precondition  for  applications  is  that  IC  aim  and  SOI  technology  to  be  applied,  are  compat¬ 
ibly  adapted. 

A  first  goal  to  meet  in  SOI  is  to  realize  perfect  2-dimensional  SOI  in  a  well"  behaving" 
stack  of  SOI  layers  leaving  the  substrate  undamaged. 

A  second  goal  might  become  a  3-dimensional  project  but  this  seems  seriously  harder  to  re¬ 
alize. 

Besides  this,  it  has  to  be  evaluated  what  SOI  technologies  are  specific  wafer-manufacturer 
technologies  and  which  are  not. 

Generally  speaking,  many  open  questions  remain  to  be  solved. 

Could  one  expect  that  some  wafer-manufacturer  technologies  of  today  e.g.  Syton  polishing, 
will  be  applied  in  an  IC  environment  for  planarization  of  half-finished  wafers  to  the  benefit 
of  some  SOI  technologies? 

Will  high  dose  ion- implantation  facilities  for  SIMOX  wafers  once  move  to  an  1C  environment? 

Or  will  SOI  sooner  become  a  serious  starting  point  for  multifunctional  systems  where  incom¬ 
patible  technologies,  systems  and  materials  of  today  can  be  combined  in  an  IC  acceptable  way? 
That  is  what  SOI  researchers  and  IC  manufacturers  have  to  establish  in  the  future. 
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Abstract 


Todays  CMOS  technology  is  reviewed  with  respect  to  process  architec¬ 
ture,  acquired  CMOS  specific  device  know-how,  design  and  applications. 
The  process  and  device  related  problems  of  further  miniaturization  are 
discussed.  Trends  of  innovative  device  design  and  technology  concepts 
able  to  overcome  these  problems  are  summarized.  Finally  examples  are 
given  for  future  CMOS  applications. 


1.  INTRODUCTION 

In  the  last  decade  CMOS  has  turned  from  a  specialty  technology  for  battery 
driven  devices  and  military  applications  into  the  main  stream  technology  for 
high  density  VLSI  circuits.  By  now  it  has  widely  replaced  the  earlier  domi¬ 
nating  NMOS-technology  for  new  designs.  Also  world  wide  CMOS  sales  now  ex¬ 
ceed  NMOS  sales  significantly.  Mainly  two  CMOS  advantages  are  responsible 
for  this  development:  low  power  dissipation  and  high  noise  margin.  The  sig¬ 
nificantly  lower  power  dissipation  improves  power/delay  product  and  allows 
higher  packing  density  and  chip  complexity  without  the  penalty  of  excessive 
chip  temperature  or  cooling  cost.  The  increased  noise  margin  makes  CMOS  cir¬ 
cuits  more  resistant  to  variations  of  supply  voltage,  temperature  and  pro¬ 
cess  variations.  Additionally  the  importance  of  the  initial  CMOS  inherent 
disadvantages  of  higher  process  complexity  and  larger  chip  size  have  con¬ 
tinuously  decreased:  CMOS  process  design  became  smarter  and  simultaneously 
NMOS  technology  had  to  implement  more  sophisticated  circuit  techniques 
(dynamic  NMOS)  and  processes  to  reduce  power  dissipation  to  an  acceptable 
level . 

This  paper  summarizes  the  current  status  of  CMOS  technology  and  its  appli¬ 
cations,  discusses  the  problems  of  further  scaling  and  circuit  integration 
and  outlines  trends  and  extensions  to  overcome  these  problems . 

2.  CURRENT  STATUS  OF  CMOS  TECHNOLOGY 
2.1  PROCESS  ARCHITECTURE 

Most  of  todays  modern  CMOS-processes  have  1.0)im  design  rules  at  least  in 
some  critical  levels  like  gate,  contacts  and  metal  1.  This  requires  5:1  or 
10:1  optical  stepper  lithography. 

A  typical  process  concept  contains  epitaxy  on  highly  doped  substrate  and 
twin  tub  for  sufficient  latch-up  resistance,  LOCOS  isolation,  about  20  nm  of 
gate  oxide,  n^-poly-  or  polycide-gates ,  LDD  for  hot  carrier  resistant  n- 
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channel  devices,  reflowed  isolation  oxide  for  pre-planarization,  tapered 
contact  holes  and  diffusion  barriers  for  low  resistive  and  highly  reliable 
contacts  to  Si  and  double  level  metallization  for  high  packing  density. 

The  importance  of  the  question  whether  n-well  or  p-well  is  the  appropriate 
choice  for  main  stream  CMOS  has  been  largely  reduced  by  true  twin  tub  con¬ 
cepts  that  allow  to  switch  from  n-well  to  p-well  concept  by  simply  changing 
the  substrate  from  p-  to  n-type  without  changing  the  process  sequence  and 
implantation  doses  and  hence  the  device  parameters. 

Modern  CMOS  processes  have  10  to  12  photolithography  steps  including  double 
level  metallization  and  passivation.  This  is  significantly  lower  than  ini¬ 
tial  conservative  CMOS  approaches  with  about  15  masks  and  is  close  to  the  10 
masks  required  by  a  competitive  NMOS  process  with  buried  contact  and  deple¬ 
tion  transistors.  Examples  of  process  simplifications  are  self-aligned  twin 
tub  generation  /l/,  elimination  of  field  and  channel  implant  masks  by  ap¬ 
propriate  adjustment  of  the  well  concentrations  / 2/,  elimination  of  the  LDD 
implant  mask  by  new  sidewall  spacer  techniques  /3/  and  selective  oxidation 
of  highly  doped  regions  to  protect  these  regions  against  subsequent  S/D  im¬ 
plantations  in  a  self -aligned  way. 

For  process  and  device  optimization  extensive  use  is  made  of  process  and  de¬ 
vice  modeling  to  accelerate  development  and  to  reduce  the  expense  of  experi¬ 
mental  wafer  processing. 

2.2  CMOS  SPECIFIC  DEVICE  KNOW-HOW 


Much  of  the  present  status  of  CMOS  technology  is  the  result  of  intensive  re¬ 
search  in  general  MOS  technology  like  gate  oxide  quality,  hot  carrier  de¬ 
gradation  and  interconnect  systems.  In  this  section  only  the  CMOS  specific 
areas  of  latch-up  and  the  compensated  p-channel  transistor  will  be  reviewed. 
The  CMOS-inherent  latch-up  effect  /4/  is  the  possibility  of  triggering  the 
parasitic  n^pnp^-SCRs  present  in  every  CMOS  inverter.  A  lumped  element  model 
of  the  situation  is  given  in  Fig.  1.  Triggering  of  the  SCR  is  possible  if 
the  product  of  the  current  gains  of  the  two  coupled  parasitic  bipolar  tran¬ 
sistors  involved  exceeds  1.  It  was  demonstrated,  however,  that  for 
3i«t  x  Pv.rc  >  1  lower  3-product  does  not  necessarily  imply  higher  latch-up 
resistance  (see  Fig.  2).  Particularly  for  high  3-»-»«  the  critical  or  trigger 
current  is  mainly  determined  by  the  shunt  resistances  involved  and  becomes 
independent  of  the  3-product  /5/. 

As  is  seen  in  Fig.  2  epi  on  highly  doped  substrate  increases  the  critical 
current  by  more  than  an  order  of  magnitude.  This  is  a  consequence  of  the 
drastical  reduction  of  the  substrate  resistance.  The  characteristics  of  the 
MOS  devices  at  the  surface  are  not  affected  since  the  resistivity  of  the 
thin  epi  layer  itself  is  still  high,  i.e.  the  doping  level  is  low.  General¬ 
ly,  thinner  epi  makes  shunting  more  effective.  If  the  epi  layer  is  too  thin, 
however,  the  highly  doped  substrate  may  partly  compensate  the  well  doping 
and  thus  favor  emitter/collector  punch-through  of  the  vertical  bipolar  tran¬ 
sistor. 


Fig.  1 


Fig.  Is  Lumped  element  model  of  parasitic  SCR  in  n-well  CMOS  with 
Rs  =  substrate  resistance  and  Rw  =  well  resistance. 

Critical  current  of  the  parasitic  SCR  versus  base  width  x  of  the 
parasitic  lateral  bipolar  transistor  for  different  technologies /15/ . 


Fig.  2s 
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Low  well  resistance  also  increases  the  critical  current.  Aside  of  the  re¬ 
duced  shunt  resistance,  the  corresponding  higher  doping  level  additionally 
degrades  the  current  gain  of  the  vertical  bipolar  transistor.  In  standard 
well  constructions,  however,  excessive  well  doping  increases  body  factor  and 
junction  capacitances  and  reduces  the  junction  breakdown  voltage  of  the  MOS 
devices  in  the  well  and  thus  deteriorates  circuit  performance. 

This  shows,  that  doping  levels,  epi  thickness  and  well  depths  have  to  be  ad¬ 
justed  carefully  to  obtain  optimum  overall  device  characteristics . 

In  addition  to  these  bulk  related  effects,  the  parasitic  field  MOSFETS  at 
the  surface  were  shown  to  influence  the  turn-on  of  the  two  parasitic  bipolar 
transistors  and  hence  reduce  the  critical  current  and  the  latch-up  re¬ 
sistance  /6/.  Finally,  also  dynamic  triggering  of  latch- up  during  power-on 
and  noise  pulses  could  be  explained  by  a  combined  effort  of  experiments  I'll 
and  simulations  /8/. 

Initially,  the  two  parasitic  bipolar  transistors  were  simply  decoupled  by 
separating  n-  and  p-channel  MOS  devices  by  20nm  and  more.  This  was  a  signi¬ 
ficant  limitation  for  shrinking  CMOS  circuits.  Based  on  the  understanding  of 
the  essential  parameters  and  their  interdependences,  even  with  conventional 
approaches  careful  process  design  currently  allows  minimum  n-*'/p--spacings  of 
5  -  6nm  without  latch-up  risk.  This  implies  that  pad  cells  with  drivers  and 
ESD  protection  circuits,  which  are  particularly  effective  current  injecters, 
are  specially  separated  from  the  adjacent  logic  by  guardrings. 

The  second  CMOS  specific  device  problem  is  the  understanding  and  design  op¬ 
timization  of  the  "normally  off"  buried  p-channel  transistor,  which  results 
when  in  case  of  n"--poly  gates  (<)>ms  =  -0.3  V)  the  threshold  voltage  is  ad¬ 
justed  to  a  reasonable  value  around  -0.8  V.  Of  particular  concern  are  sub¬ 
threshold  behavior  or  punch-through  /9/  and  UT(L)  /10/  of  this  MOSFET  type. 

At  the  compensated  surface,  the  total  space  charge  region  underneath  the 
gate  is  a  superposition  of  the  depletion  zone  of  the  channel  junction  and  of 
the  gate  induced  depletion  zone  leading  to  a  minimum  of  potential  energy  for 
holes  (Fig.  3).  The  energy  difference  between  this  minimum  und  the  hole 
source  potential  is  the  potential  barrier  aV  the  holes  have  to  surmount  in 
the  sub-threshold  region.  Since  the  minimum  of  the  potential  barrier  is 
located  away  from  the  surface  (Fig.  3),  the  gate  voltage  control  of  aV  is 
relatively  weak.  This  results  in  a  relatively  high  sub- threshold  swing  and 
makes  the  buried  p-channel  transistors  particularly  prone  to  punch-through. 
The  situation  is  discussed  in  detail  in  / 9 / .  Figs.  4+5  summarize  the  es¬ 
sential  results  of  this  study  in  terms  of  the  potential  barrier  aV.  Fig  4 
demonstrates  how  the  drain  voltage  control  of  the  barrier  and  hence  the  sus- 
ceptability  to  punch-through  is  reduced  when  the  gate  oxide  thickness  is  re¬ 
duced.  Fig.  5  shows  the  decrease  of  av  with  increasing  channel  junction 
depth  d  and  surface  p-concentration  NA.  From  the  variety  of  dependences, 
guidelines  for  the  design  of  punch-through  resistant  buried  p-channel  tran¬ 
sistors  down  to  the  3ub-micron  regime  could  be  derived:  low  gate  oxide 
thickness,  high  n-well  concentration,  low  surface  concentration  NA  and  low 
channel  junction  depth  d.  The  latter,  however,  has  technological  limitations 


Fig.  3:  Band  diagram  of  buried  channel  structure  of  the  pMOSFET  with  n~- 
poly  gate  IS/. 

Fig.  4:  Gate  oxide  thickness  dependence  of  the  drain  voltage  induced  lower¬ 
ing  of  the  potential  barrier  AV  for  holes  at  zero  gate  voltage  191. 

Fig.  5:  Influence  of  channel  junction  depth  d  and  n-well  concentration  N* 
on  the  potential  barrier  &V  /g /. 
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in  terms  of  implantation  energy  and  annealing  cycle.  The  doping  conditions 
imply  either  relatively  high  threshold  voltages  or  a  very  high  concentration 
of  centers  for  impurity  scattering.  Both  effects  limit  the  p-channel  tran¬ 
sistor  current. 

2.3  CMOS  DESIGN 

Generally,  switching  from  NMOS  to  CMOS  brought  design  simplifications  be¬ 
cause  in  many  cases  straight  forward  CMOS  design  could  replace  rather 
complicated  (e.g.  dynamic)  NMOS  logic.  In  particular,  there  is  no  permanent 
concern  about  dimensioning  the  load  and  drive  transistors  because  there  is 
no  trade-off  between  power  consumption  and  speed  like  in  NMOS.  CMOS,  in¬ 
stead,  widely  allows  the  use  of  standard  transistors.  Only  a  few  critical 
data  paths  need  to  be  optimized.  This  design  simplification  was  also  the 
basis  for  easier  design  automation  and  hence  the  MOS  semi-custom  approach 
with  gate  arrays  and  standard  cells. 

One  of  the  main  design  innovations  of  CMOS  is  the  simplicity  of  implementing 
analog  functions .This  is  demonstrated  in  Fig.  6  for  an  operational  ampli¬ 
fier.  The  comparison  with  an  equivalent  NMOS  version  clearly  shows  the  de¬ 
sign  simplification  in  case  of  CMOS.  Therefore,  CMOS  favors  the  combin  .ion 
of  digital  signal  processing  with  A/D  converters  or  other  analog  fi  -ions 
on  a  single  chip.  This  is  important  because,  even  though  signal  processing 
now  is  mostly  digital,  interfacing  with  e.g.  sensors  is  mostly  analog. 
Together  with  the  low  power  consumption  these  design  advantages  make  CMOS 
the  favorable  technology  for  further  system  integration. 


2.4  CMOS  APPLICATIONS 

Because  of  the  advantages  discussed  above,  CMOS  has  become  the  technology  of 
choice  for  a  wide  range  of  applications.  This  includes  microcontrollers,  mi¬ 
croprocessors,  microcomputers,  components  for  signal  processing  and  tele¬ 
communication,  EPROMs,  SRAMs  and  DRAMs. 

Improvements  of  defect  densities,  lithography  and  device  know-how  as  well  as 
the  reduction  of  power  density  have  increased  the  integration  density  of 
CMOS  in  production  to  over  one  million  transistors  per  cm1.  The  most  promi¬ 
nent  representative  of  this  category  of  chips  is  the  1  Mbit  DRAM  now  avail¬ 
able  on  the  market  from  several  companies.  The  SIEMENS  1  Mbit  DRAM,  e.g., 
has  about  2  x  10*  MOS  devices  on  a  chip  area  of  54.6  mm2,  and  a  typical  ac¬ 
cess  time  of  100  ns. 

A  completely  different  example  is  standard-cell  logic.  This  type  of  chip  na¬ 
turally  is  not  optimized  with  respect  to  high  density  of  transistor  func¬ 
tions.  Instead,  its  integration  density  is  predominantly  determined  by  the 
metal  pitches.  Chip  sizes  of  up  to  200  mm*  with  up  to  several  hundred 
thousand  transistors  but  a  dense  net  of  interconnects  are  currently 
realized. 

Finally,  CMOS  is  increasingly  replacing  TTL  standard  logic. 
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3.  THE  FUTURE  OF  OMOS 

3.1  TRENDS  OF  MINIMUM  FEATURE  SIZE  AND  INTEGRATION  DENSITY 

The  urge  for  higher  circuit  speed,  increased  system  integration  and  reduced 
cost  per  function  keeps  CMOS  driven  towards  further  scaling.  Integration 
complexity  is  expected  to  increase  from  todays  10E6  to  10E7  to  over  10E9 
components  per  chip  in  the  year  2000. 

Many  predictions  are  based  on  the  future  development  of  DRAMs  which  are  con¬ 
sidered  to  be  technology  leaders  with  respect  to  minimum  feature  size  and 
integration  density  and  for  which  in  the  past  a  certain  regularity  of  the 
appearance  of  new  generations  was  observed.  Today,  4  Mbit  DRAMs  with  minimum 
feature  size  of  0.8pm  are  already  on  their  way  into  pilot  line  production. 
Furthermore,  16Mbit  DRAMs  with  minimum  feature  size  of  0.6pm  are  scheduled 
for  the  first  half  of  the  nineties  and  research  aims  already  at  0.3  to  0.4pm 
feature  size  for  64  Mbit  DRAMs. 

First  experiments  even  demonstrate  the  feasibility  of  0.1pm  MOSFETs  which 
provide  gate  delays  of  19  psec  at  room  temperature  and  13  psec  at  77  K  /ll/. 
Fig.  7  exhibits  the  basic  device  structure  and  0.1pm  transistor  charac¬ 
teristics  . 


r 
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Fig.  7:  Cross  section  and  J-V  characteristics  of  0.1pm  nMOSFET  at  77  K  (-) 
and  300  K  ( - )  /ll/. 

This  last  example  shows  that  MOS  still  has  considerable  potential  for 
further  scaling.  Many  process  and  device  related  problems  need  to  be  solved, 
however,  before  such  technologies  -  if  ever  -  can  oe  utilized  in  a  produc¬ 
tion  like  environment. 

3.2  PROCESSING  RELATED  PROBLEMS 

To  fullfill  the  increasing  requirements  with  respect  to  defect  density, 
first  of  all  special  attention  has  to  be  paid  to  the  quality  of  the  starting 
material  which  increasingly  also  affects  device  reliability. 

An  indispensable  precondition  for  further  scaling  of  CMOS  is  the  ability  to 
reproducibly  generate  structures  of  a  few  tenths  of  a  micron.  Down  to  =0.5pm 
optical  lithography  with  deep  UV  in  combination  with  sophisticated  resist 
techniques  will  dominate.  With  X-ray,  electron  beam  and  ion  beam  lithography 
there  exist  techniques  down  to  less  than  a  tenth  of  a  micron.  Electron-beam 
and  ion-beam  lithography,  however,  have  a  low  throughput  and  are  therefore 
not  yet  suitable  for  high  volume  production.  X-ray  lithography  provides  suf¬ 
ficiently  high  throughput,  but  might  be  limited  by  mask  tolerances  which  are 
transfered  lsl  onto  the  chip. 

Although  reactive  ion  etching  provides  excellent  line  width  control,  radia¬ 
tion  damage  during  etching  might  affect  the  quality  of  extremely  thin  gate 
oxides  (S  10  nm  )  and  of  the  Si/SiOa-intertace  unacceptably.  Reactive  ion 
stream  etching  might  reduce  radiation  damage  sufficien-ly  /12/.  Radiation 
damage  during  sputter  deposition  and  plasma  enhanced  deposition  is  also  a 
concern  and  needs  to  be  minimized. 

Finally  more  attention  has  to  be  paid  to  device  degradation  by  electrostatic 
potentials  which  build  up  during  plasma  processing  and  ion  implantation 
/13/ . 

Only  when  solutions  to  these  processing  related  problems  are  found,  sub- 
0 . Sum-technologies  will  eventually  go  into  production. 
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3.3  DEVICE  RELATED  PROBLEMS 

Further  scaling  of  CMOS  below  1.0pm  requires  significant  innovations  in  de¬ 
vice  design. 

Sufficiently  latch  up  resistant  circuits  with  n-Vp^-spacings  below  5pm  ask 
for  special  technological  measures:  the  retrograde  well  structure  /14/  pro¬ 
vides  the  beneficial  lower  well  resistance  without  affecting  the  device  cha¬ 
racteristics  at  the  surface.  Its  realization,  however,  needs  the  not  yet 
established  MeV-implantation.  Schottky-S/D  / 15/  or  silicided  S/D  reduce  the 
emitter  efficiency  of  the  parasitic  bipolar  transistors  and  thus  their  |S- 
product.  Finally,  trench  isolation  of  the  wells  in  combination  with  epi  on 
highly  doped  substrate  was  shown  to  effectively  decouple  the  bipolar  tran¬ 
sistors  because  the  collector  current  of  the  vertical  bipolar  transistor  is 
shunted  to  the  substrate  and  does  not  reach  the  base  of  the  lateral  bipolar 
transistor  /16/.  Holding  voltages  above  10  V  can  be  achieved  for  n*/p^- 
spacings  as  low  as  2pm  if  the  trench  depth  comes  close  to  the  epi  thickness 
(Fig.  8).  Control  of  the  trench  side  wall  isolation  is  necessary,  however, 
before  this  technique  can  be  successfully  implemented. 

For  intra-well  device  isolation,  bird's  beak  free  techniques,  which  addi¬ 
tionally  provide  a  higher  degree  of  planarization,  have  to  be  adopted.  Can¬ 
didates  are  BOX  /17/  or  refill  of  patterned  oxide  by  selective  Si-epitaxy 
/18/. 


Fig. 8  Fig.  9 


Fig.  8:  Holding  voltage  VH  versus  n~/p--spacing  d  with  trench  depth  as 
parameter  /16/. 

Fig.  9:  Drain  current  degradation  of  surface  channel  and  buried  channel 
nMOSFETs  /19/ . 


Sub-micron  CMOS  will  feature  MOSFETS  with  gate  lengths  of  a  few  tenths  of  a 
micron,  gate  oxide  thickness  of  a  few  nm  only  and  source/drain  junction 
depths  <0.2pm.  These  MOSFETs  eventually  will  have  to  be  operated  at  a  supply 
voltage  <5  V. 

A  crucial  problem  is  the  hot  carrier  degradation  of  future  n-channel 
MOSFETs.  The  standard  LDD-technique  might  not  be  able  to  guarantee 
sufficient  transistor  lifetime.  More  sophisticated  LDD  structures  like 
buried  LDD  provide  better  reliability.  An  alternative  approach  is  to  adopt 
the  buried  channel  structure  for  the  n-channel  and  thus  shift  the  location 
of  maximum  hot  carrier  generation  into  the  bulk  and  away  from  the  endangered 
gate  oxide.  For  an  acceptably  low  threshold  voltage,  this  requires  a  gate 
material  with  higher  work  function  than  n^-poly.  Fig.  9  shows  more  than  an 
order  of  magnitude  reduction  of  the  degradation  rate  for  buried  n-channels 
/19/.  It  has  to  be  noted,  that  there  is  a  trade-off  with  respect  to  the 
short  channel  characteristics.  Technologically,  however,  the  buried  n- 
channel  is  easier  to  control  than  the  p-channel,  because  As  instead  of  the 
fast  diffusing  B  is  used  for  surface  compensation. 
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Also  the  p-channel  MOSFETs  become  increasingly  prone  to  hot  carrier 
degradation  and  will  require  LDD  techniques.  The  short  channel  charac¬ 
teristics  of  the  p-MOSFETs  can  be  improved  by  changing  the  work  function  of 
the  gate  material  to  higher  values,  i.e.  from  n+-poly  to  silicide,  metal  or 
p+-polycide  gate.  Thereby  the  p-channel  type  is  changed  from  buried  to 
surface  type.  Fig.  10  demonstrates  the  improvement  of  the  short  channel 
characteristics  in  terms  of  the  sub-threshold  swing  obtained  for  silicide 
and  p+-polycide  gate,  respectively  /20/.  Furthermore,  UT  of  the  surface 
channel  transistor  with  p-^-polycide  gate  can  be  chosen  low  (e.g.  0.6  V) 
without  a  trade-off  with  respect  to  punch-through.  This  results  in  a  15-20% 
higher  current  drive  than  for  the  standard  buried  p-channel  device. 

These  examples  show  that  the  gate  work  function  can  improve  the  charac¬ 
teristics  of  both  types  of  MOSFETs  and  therefore  might  become  a  significant 
parameter  for  optimization  of  sub-micron  devices . 

SALICIDE  will  be  widely  used  to  minimize  parasitic  series  resistances  of 
MOSFETs.  Most  techniques  use  a  uniform  metal  deposition  (e.g.  Ti,  Co,  Pt) 
with  subsequent  selective  silicide  reaction  with  underlying  Si  /21/. 
Recently  selective  CVD  of  silicide  with  the  advantage  of  minimum  Si 
consumption  and  planarization  capability  has  also  been  demonstrated  for  this 
application  /22/.  In  combination  with  the  "strap"  technique  /23/  SALICIDE 
allows  a  significant  reduction  of  the  junction  capacitances,  adds  additional 
wiring  flexibility  and  offers  the  possibility  of  direct  contacts  between 
source/drain  and  the  gate  level  for  both  transistor  types,  analog  to  the 
buried  contact  in  NMOS.  Therefore,  SALICIDE  is  one  of  the  key  process  inno¬ 
vations  for  improved  packing  density  and  speed. 


Fig. 10 


Fig.  10:  Subthreshold  swing  of  pMOSFETs  with  different  gate  electrodes. 

Channel  implants  were  adjusted  for  constant  threshold  voltage 
/20/ . 

Fig.  11:  SIMS  profiles  of  As  and  B  doped  source/drain  regions  fabricated 
by  outdif fusion  of  implanted  TaSia  / 2 5 / . 


Junction  depths  £0.2um  can  be  obtained  by  rapid  thermal  annealing  and/or 
preamorphization  of  Si  by  Si  or  Ge  implantation  / 24/.  The  fabrication  of 
extremely  shallow  junctions  £  O.lum  was  demonstrated  by  outdif fusion  of 
implanted  silicide  /25/.  Fig.  11  shows  examples  for  boron  and  arsenic. 

Scaling  below  l.Oum  raises  particular  problems  with  respect  to  the  inter¬ 
connect  system.  For  non-scaled  thickness,  interconnect  lifetime  was  esti¬ 
mated  to  decrease  with  the  fifth  power  of  the  scaling  factor  / 2 6 /  which 
makes  electromigration  failures  an  increasingly  important  issue.  Since 
wiring  capacitances  no  longer  scale  with  line  width  and  are  dominated  by  the 
metal  thickness  dependent  fringing  capacitances,  reducing  the  metal  thick¬ 
ness  is  essential  to  reduce  the  total  capacitive  load.  This  makes  the  elec¬ 
tromigration  problem  even  worse.  In  sub-micron  metallizations,  stress 
migration  was  demonstrated  to  become  an  additional  failure  mode.  Its 
importance  increases  with  decreasing  line  width  /27/.  Consequently  the 
introduction  of  a  metal  "stronger"  than  aluminum  is  mandatory. 
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As  interconnect  cross  sections  decrease  and  average  interconnect  lengths 
rather  increase,  interconnect  resistivity  is  no  longer  negligible  with 
respect  to  voltage  drops  and  RC  delays .  Therefore  particularly  low  resistive 
interconnect  materials  are  needed. 

Al/Ti  multisandwich  structures  /28 /  provide  a  promising  compromise  between 
both  requirements.  Tungsten  may  be  restricted  to  short  and  medium  range  in¬ 
terconnects  because  of  its  relatively  high  resistivity.  High  temperature 
superconductors  were  largely  eliminated  as  a  possible  solution  to  the  inter¬ 
connect  problem  in  CMOS  technology  /29/.  One  of  the  reasons  is  that  at  the 
required  temperatures  of  £  80  K  the  established  Al-technology  again  full- 
fills  all  requirements. 

Contact  and  via  filling  e.g.  by  CVD-tungsten  will  be  generally  used  to  avoid 
metal  step  coverage  problems  in  small  contacts ,  The  standard  planarization 
of  the  inter  metal  dielectric  including  PECVD-oxide,  polyimide  or  spin-on- 
glass  auxiliary  layers  and  etch-back  might  continue  to  dominate  for  a  while 
because  reduced  metal  thickness  and  superconformal  PECVD-oxides  alleviate 
the  actual  problems . 

Deep  sub-micron  optical  lithography  for  fine  line  interconnects,  however, 
requires  additional  efforts  with  respect  to  global  planarization  to  account 
for  the  limited  depth  of  focus  of  high  resolution  lenses. 

3.4  FURTHER  PERSPECTIVES  OF  CMOS 

With  the  device  innovations  discussed  above,  standard  CMOS  has  considerable 
potential  for  further  scaling.  In  addition,  however,  conceptual  innovations 
are  discussed  to  drive  CMOS  towards  higher  performance  and  packing  density. 
For  higher  speed,  operating  CMOS  at  77  K  is  often  discussed.  A  summary  of 
performance  improvements,  necessary  device  optimizations  and  remaining 
problems  is  given  e.g.  in  a  special  issue  of  IEEE  Trans.  Electron  Devices 
/30/.  Advantages  include  high  transistor  current,  extremely  low  latch  up 
risk,  low  metal  resistance  and  better  reliability  with  respect  to  thermally 
activated  degradation  mechanisms.  This,  e.g.,  dramatically  improves  metal¬ 
lization  reliability.  The  significantly  increased  hot  carrier  induced 
degradation  at  low  temperatures,  however,  requires  a  reduced  supply  voltage. 
Therefore,  the  possible  speed  advantage  is  partly  lost  again.  An  overall 
increase  of  circuit  speed  of  a  factor  of  1.5  to  2  over  room  temperature  CMOS 
is  predicted.  Cost  and  inconvenience  of  cooling,  however,  might  prevent  this 
approach  to  be  generally  adopted. 

SOI  structures  on  Si  wafer  substrates  are  of  increasing  interest.  They  avoid 
the  substrate  cost  penalty  of  earlier  SOS  and  maintain  the  device  and  cir¬ 
cuit  advantages  of  this  technology,  i.e.  low  capacitances,  low  sub-threshold 
swing, higher  packing  density  and  radiation  hardness.  Technologies  used  are 
oxygen  implantation  of  Si  (SIMOX),  oxidation  of  porous  Si,  recrystallization 
of  poly-Si  /31/  and  lateral  growth  of  Si-epitaxy  /32/.  The  applicability  of 
these  techniques  in  production  of  highly  integrated  circuits  has  to  be 
proven  yet . 

BICMOS  technology  combines  the  low  power  dissipation  of  CMOS  with  the  high 
speed  and  the  inherent  analog  advantages  of  bipolar  devices.  From  a  pro¬ 
cessing  point  of  view,  there  is  no  reservation  to  integrate  both  tech¬ 
nologies  in  one  line,  since  many  process  steps  can  be  used  simultaneously 
for  CMOS  and  bipolar,  anyway,  and  bipolar  specific  process  steps  can  be 
inserted  as  modules .  High  speed  SRAMs  are  the  field  of  application  for 
BICMOS  which  offers  high  performance  bipolar  transistors.  Since  CMOS  and 
bipolar  components  have  to  be  optimized  simultaneously,  process  complexity 
is  rather  high  and  the  number  of  masks  may  increase  to  20.  An  alternative 
approach  uses  mostly  CMOS  process  steps  for  the  fabrication  of  the  bipolar 
transistors  and  requires  only  1  to  3  additional  masks.  Nevertheless,  this 
type  of  BICMOS  also  provides  significantly  better  current  drive  (and  hence 
speed)  and  easier  implementation  of  analog  functions  than  pure  CMOS.  Such 
BICMOS  with  at  most  moderate  extra  cost  might  be  a  candidate  for  replacing 
pure  CMOS  as  a  main  stream  technology  in  the  future. 

To  account  for  the  increasing  development  cost  and  for  the  simultaneous  need 
for  application  specific  technologies,  process  architecture  is  generally 
forced  towards  a  modular  scheme  with  one  basic  CMOS  process  that  can  be 
supplemented  by  certain  application  specific  modules .  BICMOS  is  an 
outstanding  example.  But  also  process  optimization  with  respect  to  e.g. 
DRAMs,  SRAMs  or  El PROMs  will  increasingly  follow  this  concept. 
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3.5  DESIGN  CONSIDERATIONS  AND  APPLICATIONS  OF  FUTURE  CMOS 

Reduction  of  supply  voltage  is  often  discussed  for  mitigation  of  hot  carrier 
problems  and  of  excessive  power  dissipation  of  sub-micron  chips.  0.5um 
technology  is  considered  to  ue  a  critical  process  generation  for  this 
change.  Interfacing  with  existing  5  V  circuitry  can  be  solved  in  principle 
by  on-chip  voltage  reduction.  The  major  concern  is  the  increase  of  gate 
delay  caused  by  a  VDD-reduction  which  would  have  to  be  overcompensated  to 
make  scaling  still  advantageous  with  respect  to  higher  speed. 

A  general  trend  of  applications  is  towards  more  system  integration  to  reduce 
cost,  system  delay  and  reliability  problems  related  to  the  number  of 
packages  and  pins  involved.  In  view  of  increasing  chip  complexity,  extensive 
use  of  automatic  design  and  shrinkability  of  optimized  components  is  man¬ 
datory  . 

CMOS  chips  for  small  and  medium  size  computer  systems  have  to  provide  a  data 
processing  rate  of  more  than  10  MIPS.  CMOS  components  for  broad  band  ISDN 
have  to  meet  the  140  or  560  Mbit/sec  requirement  of  this  technology.  Appli¬ 
cations  like  high  definition  TV  ask  for  signal  processing  with  up  to  50  MHz 
band  width  and  high  density  memories  with  low  access  time.  All  these 
applications  need  the  most  progressive  technology  available  and  partly  also 
new  chip  architecture. 

The  most  aggressive  requirements  might  come  from  the  attempt  to  functionally 
simulate  the  human  brain  by  realizing  "artificial  neuron  nets"  for  extensive 
parallel  and  associative  processing.  This  concept  is  advantageous  e.g.  for 
fast  recognition  of  image  and  speech  patterns .  Even  simple  implementations 
with  loo  neurons  require  the  packing  density  of  1.0|im  technology,  already. 
More  useful  systems  with  10*  neurons  would  need  0.1|im  technology  and  thus 
the  most  progressive  MOS  technology  demonstrated  so  far. 

4.  CONCLUSION 

This  summary  shows  that  CMOS  is  a  main  stream  technology  with  considerable 
potential  of  technological  development  and  applications.  Since  one  ap¬ 
proaches  the  fundamental  physical  limits,  however,  the  cost  of  progress  is 
increasing  significantly.  Particularly  the  step  from  feasibility  to  pro¬ 
duction  seems  to  become  increasingly  difficult,  time  consuming  and  expen¬ 
sive.  On  the  other  hand,  speed  improvement  by  scaling  is  becoming  less  than 
predicted  by  simple  scaling.  Consequently  the  price  for  a  given  improvement 
of  performance  is  rising  dramatically  and  is  even  about  to  exceed  the  pos¬ 
sibilities  of  individual  companies.  To  push  deep  sub-micron  CMOS  technology 
nevertheless,  government -funded  cooperations  like  SEMATEC  in  USA  or  JESSI  in 
Europe  have  been  started.  These  efforts  show  that  CMOS  is  considered  a  key 
technology  for  further  technological  and  economical  development. 
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Abstract  -  A  3.5  ns  ECL-compatible  64Kb  liquid-nitrogen  CMOS  (LN-CMOS)  SRAM  technology 
with  2.5V  power-supply  voltage  is  described.  Key  features  of  this  high  performance 
0.5/zm-channel  LN-CMOS  SRAM  technology  optimized  for  77K  operation  include  0.6pm  optical 
lithography  for  the  gate  level,  dual  polysilicon  work  functions,  retrograde  n-well,  low  resistance 
arsenic  and  boron  source/drain  diffusions,  self-aligned  titanium  silicide,  and  two-level  metal  inter¬ 
connects.  For  the  first  time,  the  leverage  of  liquid  nitrogen  CMOS  with  2.3X  chip  level  perform¬ 
ance  improvement  at  77K  over  room  temperature  CMOS  is  demonstrated. 

1  -  INTRODUCTION 

Low  temperature  or  liquid-nitrogen  temperature  operation  of  CMOS  VLSI  circuits  becomes  increasingly 
attractive  as  the  channel  length  is  scaled  down  to  0.5pm  and  below  /!/.  Liquid-nitrogen  CMOS 
(LN-CMOS)  offers  speed,  density,  and  reliability  for  high  performance  VLSI  logic  systems.  The  ultimate 
potential  of  CMOS  at  77K  cannot  be  realized  by  straight-forward  cooling  of  a  CMOS  chip  with  devices 
designed  for  room  temperature  operation,  especially  in  the  sub  0.5  pm  channel  length  regime  and  in  CMOS 
chips  with  n  +  -polysilicon  gates  for  both  types  of  FETs.  The  concept  of  LN-CMOS  device  design  and 
process  optimization  for  best  performance,  power,  and  reliability  has  been  reported  /I/  with  roughly  a 
factor  of  two  ring  oscillator  speed  improvement.  In  this  paper,  a  high  performance  0.5pm  LN-CMOS 
SRAM  technology  with  n+  and  p+  polysilicon  gates,  self-aligned  silicide,  two  layers  of  metal  wiring  and 
buried  contacts  will  be  described.  The  fabrication,  testing,  and  device  and  circuit  performance  of  a  64Kb 
SRAM  chip  will  be  discussed. 

2  -  CHIP  FABRICATION  AND  OPTIMIZATION 

Key  features  essential  to  this  optimized  LN-CMOS  SRAM  device  design  and  fabrication  process  include 
dual  work  function  (n+  and  p  +  )  polysilicon  gates  for  surface  channel  FETs,  abrupt  n+  and  p+  source 
and  drain  junctions  for  low  device  series  resistance,  deep  n-channel  threshold-adjust  implant  for  higher 
carrier  mobility,  and  reduced  power-supply  voltage  (2.5  V)  for  better  performance  and  reliability  at  lower 
power  as  proposed  in  / 1  /.  The  schematic  of  the  0.5pm  LN-CMOS  device  cross  section  is  shown  in  Fig.  1, 
indicating  the  p/p+  epi,  retrograde  n-well,  semi-recessed  oxide  isolation,  dual  work  function  polysilicon 
gates,  12.5  nm  gate  oxtde,  0.15-0.2pm  source/drain  junction  depth,  self-aligned  silicide,  nitride  passivation, 
polyimide,  and  two  levels  of  aluminum  interconnects.  In  this  64Kb  SRAM,  the  second  level  aluminum  is 
used  to  reduce  the  word  line  resistance. 

The  ECL-compatible  CMOS  SRAM  chip  was  designed  with  a  conservative  1pm  ground  rules  and  0.5pm 
effective  channel  length.  The  0.6pm  polysilicon  gate  was  defined  optically  with  excellent  line  width  control 
and  exposure  latitude  by  an  I-line  stepper  using  a  contrast-enhanced  layer  over  standard  resist.  Fig.  2 
shows  0.5pm  resist  lines  and  spaces  with  vertical  profiles  after  developing.  Excellent  resolution  (0.5pm) 
and  line  width  bias  (^  0.1pm)  are  achieved  across  a  1  cm2  field. 

After  the  reactive  ion  etching  of  the  polysilicon  gate,  a  spacer  consisting  of  thermal  oxide  and  thin  nitride 
was  formed  on  the  gate  edge  before  source/dram  ion  implantation.  Fig.  3  shows  the  SEM  cross  section 
photograph  of  the  polysilicon  gate,  spacer,  and  self-aligned  silicide  in  the  SRAM  memory  array  area.  This 
spacer,  with  a  slight  oxide  tapering  at  the  gate  edge,  played  a  key  role  in  (i)  reducing  the  gate-drain  overlap 
capacitance  (Cgj  £  0.3fF/pm),  (ii)  preventing  the  silicide  from  bridging  the  gate  and  the  source/drain  dif- 
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fusion,  and  (iii)  improving  the  reliability  by  reducing  the  electric  field  at  the  gate  edge.  After  the  spacer 
was  formed,  degenerate  doping  of  the  n+  and  p+  polysilicon  gates  and  low  resistance  shallow  n+  and 
p+  junctions  were  achieved  simultaneously  with  the  As  and  B  ion  implantation  and  drive-in  steps,  re¬ 
spectively.  No  extra  mask  steps  are  necessary  for  this  dual  work  function  polysilicon  gate  process. 

The  64Kb  SRAM  circuit  was  originally  designed  for  room  temperature  operation  as  described  elsewhere 
/2/.  It  uses  a  four-transistor  SRAM  cell  with  buried" contacts.  The  chip  incorporates  CMOS  asynchronous 
receivers  capable  of  interfacing  low  voltage  ECL  signal  levels  at  high  speeds  with  good  tolerance  to 
parametric  variations.  No  special  circuit  optimization  was  made  specifically  for  liquid-nitrogen  temper¬ 
ature  operation.  SRAM  chips  were  also  fabricated  with  an  optimized  0.5pm  room  temperature  n-poly, 
n-well  CMOS  technology  (RT-CMOS)  /3,2/  and  compared  with  the  LN-CMOS  chips. 

3  -  RESULTS 

An  automated  full-wafer  probe  station  was  developed  and  used  for  all  device  parametric  and  chip  func¬ 
tional  tests  at  77K  and  above.  The  probe  station  with  a  liquid-nitrogen  cooled  chuck  is  enclosed  in  a  ni¬ 
trogen  filled  metal  box  to  avoid  condensation  on  the  wafer. 

Fig.  4  shows  the  measured  threshold  voltage  at  VD§  =  50  mV  for  n-channel  FETs  at  room  temperature 
and  77K  from  this  LN-CMOS  technology.  The  roll-off  is  slightly  worse  at  77K  than  at  300K,  but  the 
excellent  sub-threshold  turn  off  slope  (roughly  22  mV/dec)  of  LN-CMOS  devices  allows  the  threshold 
voltage  and  power  supply  voltage  to  be  reduced  for  higher  performance  and  reliability.  The  shift  in 
threshold  voltage  from  room  temperature  to  77K  is  roughly  200  mV.  Similar  results  were  obtained  for 
p-channel  FETs.  Table  I  summarizes  the  measured  device  characteristics  and  parametric  data  of 
LN-CMOS  at  77K  as  well  as  those  of  the  RT-CMOS  at  300K.  The  RT-CMOS  transistors  have 
n  +  -poly  gates.  The  threshold  voltages  of  RT-CMOS  p-channel  FETs  are  -0.7V  and  -1.3V  at  300K  and 
77K,  respectively.  The  large  shift  is  due  to  carrier  freeze-out  in  the  buried-channel  p-type  device,  which 
is  avoided  in  the  optimized  LN-CMOS  by  making  both  n  and  p-channel  transistors  surface-channel  mode 
with  the  dual  polysilicon  approach.  The  n  and  p-channel  threshold  voltages  of  LN-CMOS  devices  are 
symmetrical,  independent  of  temperature.  By  carefully  controlling  the  annealing  process  after  the  p-typc 
polysilicon  is  formed  on  p-channel  devices,  there  was  no  boron  penetration  from  the  polysilicon  through 
the  thin  gate  oxide  to  the  channel  region.  Note  that  the  transconductance  of  n-channel  transistors  im¬ 
proves  more  upon  cooling  compared  with  p-channel  transistors,  which  should  be  taken  into  account  to 
optimize  the  circuit  performance. 

The  LN-CMOS  transistors  are  not  completely  turned  off  at  room  temperature,  which  may  present  some 
problems  for  circuits  with  dynamic  nodes  to  operate  adequately  during  room  temperature  testing  with 
enough  noise  margin.  However,  there  is  a  one-to-one  correlation  of  device  characteristics  between  room 
temperature  and  77K.  Most  parametric  tests  can  be  done  at  room  temperature,  which  facilitates  process 
monitoring  and  reduces  test  cost.  On  the  other  hand,  circuit  and  system  functional  tests  may  be  performed 
at  a  reduced  power-supply  voltage  and  below  room  temperature,  e.g.,  -55C,  as  discussed  later. 

A  device  model  suitable  for  circuit  simulation  was  developed  and  calibrated  with  measured  hardware  data. 
It  takes  into  account  mobility,  resistance,  saturation  velocity,  and  operating  temperature.  Using  the  model 
we  computed  the  nominal  delay  per  stage  as  a  function  of  capacitance  loading  at  77K  for  a  typical  3-way 
NAND  circuit  (fan  -in  =  fan  -  out  =  3)  with  0.5^m  LN-CMOS  transistors.  The  results  are  shown  in  Fig. 
5.  Also  shown  for  comparison  is  the  data  at  22C  and  85C  for  the  0.5^m  RT-CMOS  technology  which  is 
optimized  for  room  temperature  operation  at  3.3V  as  previously  described  in  Table  !.  With  I5//m  wide 
CMOS  transistors,  the  slope  (loading  sensitivity)  is  0.54ns/pF  for  the  LN-CMOS  operated  at  77K  and 
2.5V.  In  contrast,  the  loading  sensitivities  are  1.13ns/pF  and  1.32ns/pF  for  RT-CMOS  at  22C  and  85C, 
respectively.  The  circuit  performance  of  the  RT-CMOS  NAND  circuit  degrades  by  17%  from  22C  to  85C 
which  is  the  normal  chip  temperature  for  room  temperature  systems.  The  improvement  factor  between 
RT-CMOS  at  85C  and  LN-CMOS  at  77K  is  2.43X,  which  comes  from  the  higher  transconductance  of 
optimized  LN-CMOS  devices  and  the  reduced  voltage  swing. 

The  access  time  of  this  LN-CMOS  64Kb  SRAM  is  3.5ns  at  2.5V  and  77K,  representing  the  fastest  SRAM 
chip  at  this  density.  Fig.  6  shows  that  there  is  little  improvement  in  access  time  when  the  power  supply 
is  increased  above  2.5V,  due  to  velocity  saturation  and  device  series  resistance.  Also  shown  in  Fig.  6  is  the 
access  time  of  the  RT-CMOS  SRAM  chip  optimized  for  room  temperature  operation.  A  factor  of  I.4X 
or  I.77X  speed  improvement  is  observed  between  27C  and  77K  or  85C  and  77K,  respectively,  if  the 
RT-CMOS  chip  is  cooled  to  77K  and  operated  at  3.3V.  However,  it  must  be  emphasized  that  the  power- 
supply  voltage  for  RT-CMOS  RAM  chip  must  be  reduced  in  order  to  maintain  adequate  hot  carrier  reli¬ 
ability  at  77K  /4/.  On  an  equal  or  comparable  hot  carrier  reliability  basis,  the  supply  voltage  for  77K 
operation  of  the  RT-CMOS  RAM  chip  should  be  2.6V  instead  of  3.3V.  In  Fig.  6,  the  nominal  supply 
voltage  with  comparable  hot  carrier  reliability  is  marked  by  an  arrow  for  each  technology  and  operating 
temperature.  Therefore  under  comparable  hot  carrier  reliability  constraints,  only  1.4X  access  time  im¬ 
provement  is  achieved  by  operating  the  RT-CMOS  chip  (optimized  for  RT)  at  77K,  much  less  than  the 
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2.3X  gain  realized  by  the  optimized  LN-CMOS.  Our  data  in  Fig.  6  clearly  demonstrated  the  advantages 
of  device  and  process  optimization  for  LN-CMOS  to  achieve  the  best  speed  and  power-delay  product  while 
maintaining  appropriate  reliability  at  liquid-nitrogen  temperature. 

The  RAM  access  time  decreases  monotonically  as  temperature  is  lowered,  as  shown  in  Fig.  7.  The  access 
time  increases  by  roughly  20%  as  channel  length  is  increased  from  0.55/im  to  0.75pm.  The  temperature 
sensitivity  of  the  LN-CMOS  RAM  access  time  is  8.5ps/K  between  75K  and  130K,  and  roughly  13ps/K 
near  room  temperature,  respectively.  In  comparison,  the  temperature  sensitivity  of  the  RT-CMOS  RAM 
access  time  is  roughly  20ps/K  between  25C  and  85C.  This  lower  temperature  sensitivity  is  one  of  the  major 
advantages  of  LN-CMOS.  Combining  the  more  stable  temperature  due  to  liquid-nitrogen  cooling  and  the 
smaller  temperature  sensitivity,  LN-CMOS  systems  tend  to  have  better  overall  system  performance. 

Also  shown  in  Fig.  7  is  the  temperature  dependence  of  the  chip  power.  The  chip  power  decreases  as  tem¬ 
perature  is  increased  from  77K  as  a  result  of  less  current  and  lower  speed,  which  is  consistent  with  the 
temperature  dependence  of  device  transconductance.  It  reaches  a  minimum  near  225K  and  than  increases 
with  temperature  afterwards.  This  increase  in  chip  power  at  T>250K  is  due  to  dc  power  from  higher 
sub-threshold  current.  The  threshold  voltage  is  too  low  to  have  the  device  turned  off  completely  at 
*cs  =  0-  The  chip  is  also  operational  at  room  temperature,  although  with  reduced  noise  margin  and  higher 
power.  Although  simple  functional  tests  can  be  done  at  room  temperature,  from  noise  margin,  chip  power 
and  testing  cost  point  of  view,  it  may  be  desirable  to  do  complete  functional  tests  of  the  chip  at  -55C. 

4  -  CONCLUSION 

A  3.5  ns  ECL-compatible  64Kb  liquid-nitrogen  CMOS(LN-CMOS)  SRAM  technology  with  2.5  V 
power-supply  voltage  is  reported.  A  factor  of  2.3X  improvement  in  access  time  of  this  LN-CMOS  SRAM 
chip  over  its  room  temperature  counterpart  (RT-CMOS,  3.3V,  85C)  was  achieved  by  a  dual  work  function 
(n  +  and  p  +  )  polysilicon  process  optimized  for  77K  operation.  Key  features  of  this  high  performance 
0.5^m-channel  LN-CMOS  SRAM  technology  include  0.6/im  optical  lithography  for  the  gate  level,  dual 
polysilicon  work  functions,  retrograde  n-well,  low  resistance  arsenic  and  boron  source/drain  diffusions, 
self-aligned  titanium  silicide,  and  two-level  metal  interconnects.  The  device  design,  chip  fabrication,  and 
low  temperature  testing  issues  have  been  discussed.  This  LN-CMOS  SRAM  is  the  fastest  RAM  chip  at 
the  64Kb  level  of  integration  for  any  technology. 

REFERENCES 

HI  J.Y.-C.  Sun,  etal.,  IEEE  Trans.  Electron.  Dev.,  ED-34,  (1987)  19. 

Ill  T.I.  Chappell,  etal.,  1988  VLSI  Circuit  Symposium,  (1988). 

/3/  L.K.  Wang,  etal.,  Proc.  Symp.  VLSI  Tech.  (1986)  13. 

/4/  T.H.  Ning,  etal.,  IEEE  Trans.  Electron.  Dev.,  ED-26,  (1979)  346. 


Fig.  1 :  Schematics  of  LN-CMOS  device  cross 
section 


Fig.  2:  SEM  photograph  of  0.5/<m  resist  lines 
and  spaces  exposed  and  developed  with 
a  contrast  enhancement  layer. 
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POLY 


Fig.  3:  SEM  micrograph  of  the  poly  gate, 
nitride  spacer,  and  saliciae  in  the 
memory  array  area. 


Fig.  4:  Threshold  voltage  vs.  channel  length 
at  room  temperature  and  77K  for  the 
LN-CMOS  n-channel  transistor. 
(VDS  =  50  mV). 


Fig.  5:  Simulated  and  measured  stage  delay 
of  a  3-way  NAND  circuit,  comparing 
RT-CMOS  (optimized  for  room 
temperature  operation)  and  LN-CMOS 
(optimized  for  liquid-nitrogen 
temperature  operation). 


Fig.  6:  The  RAM  access  time  vs.  power 
supply  voltage.  Arrows  (t) 
indicate  the  nominal  supply 
voltages  with  comparable  not 
carrier  reliability. 


Fig.  7:  Dependence  of  RAM  access  time  and 
power  on  temperature  and  channel 
length. 


TABLE  I.  Summary  of  device  and  parametric  data 


LN- 

CMOS 

RT- 

CMOS 

77K 

300K 

Parameter 

n-ch 

p-ch 

n-ch 

p-ch 

Gm  (mS/mm) 

210 

90 

120 

70 

Threshold  (V) 

0.4 

-0.4 

0.7 

-0.7 

S/0  Resistance  (Stym) 

400 

1600 

800 

1600 

Peak  (cm2/V-s) 

2700 

420 

400 

140 

TUrn-Ott  Slope  (mVfdec) 

21 

22 

80 

90 

TISIj  R,  (Q/D) 

1 

0.9 

4 

3.5 

Power  Supply  (V) 

2.5 

3.3 

Gate  Oxide  (nm) 

12.2 

12.2 

Channel  Length  (pm) 

0.56 

0.5 
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CHARACTERISATION  OF  NARROW- SPACED  ISOLATION  IN  A  TWIN  RETROGRADE  WELL 
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Resume 

Des  petites  dimensions  entre  les  regions  N+  et  P+  ont  eti  realise  utilisant  une  technologie  de  puits 
jumeaux  retrogrades  en  combinaison  avec  une  technique  d’isolation  avancie.  Dans  cet  article,  nous 
avons  demontre  a  l’aide  de  simulations,  et  de  resultats  experimentaux,  la  reduction  requise  des  courants 
de  fuite  a  I’interieur  des  transistors  de  champs.  Les  resultats  montrent  qu'un  espace  de  2.5  pm  separant 
les  regions  N+  et  P+  peut  etre  realise. 

Abstract 

Small  N+-P+  spacings  have  been  realised  using  twin  retrograde  well  technology  in  combination  with  an 
advanced  isolation  scheme. In  this  paper  suppression  of  field  transistor  leakage  currents  is  demonstrated 
by  simulation  and  experimental  results.  The  results  show  that  an  N+-P+  spacing  of  2.5  pm  can  be 
realised  without  increased  narrow-width  effects  in  adjacent  transistors. 


1  -  Introduction 

To  fully  utilize  the  potential  of  submicron  CMOS  transistors,  narrow-spaced  isolation  is  needed.  To  achieve  this, 
bird’s  beak  formation  has  been  reduced  by  using  suppressed  LOCOS  (SLOCOS)  technology  (I],  To  decraese 
leakage  currents  between  active  MOSFETs,  highly  doped  field  transistors  are  required.  However,  lateral  diffusion 
of  the  highly  doped  channel  stopper  into  the  active  area  has  be  to  avoided  to  eliminate  narrow-width  effects.  Also 
lateral  diffusion  of  the  N-well  has  to  be  reduced  in  order  to  achieve  small  N+-  P+  spacings. 

High  energy  implantations  for  simultaneous  formation  of  wells  and  effective  self-aligned  channel  stoppers  have 
been  introduced  after  field  oxide  formation  |2).  Due  to  the  absence  of  lateral  diffusion  narrow-width  effects  in 
adjacent  MOSFETs  have  been  reduced  considerably  and  a  very  small  N+-P+  spacing  of  2.5  pm  has  been  realised. 
Owing  to  this  small  spacing  a  small  and  fast  full  CMOS  1-Mbit  SRAM  has  been  fabricated  successfully  [3j. 

In  addition,  the  low  temperature  budget  of  the  process  enables  the  use  of  a  thin  epi-layer  for  effective  latch-up 
suppression. 


2  -  Process  summary 

The  field  devices  were  made  in  a  similar  technology  as  was  used  for  the  fabrication  of  lM-SRAMs  [4): 

(1)  800  nm  of  field  oxide  was  grown  usii.g  SLOCOS  technology  (1). 

(2)  P+  was  implanted  at  800  keV  with  various  doses  to  form  the  N-well. 

The  implant  was  locally  masked  by  2.6  pm  thick  resist. 

(3)  B+  was  implanted  at  400  keV  with  various  doses  to  form  the  P-well  using  an  inverse  of  the  N-well  mask. 

(4)  The  field  oxide  was  pianarised  to  550  nm. 

(5)  Formation  of  LDD  transistors  with  silicidated  poly  and  source/drain  areas. 

The  field  oxide  thickness  under  poly  was  520  nm.  The  depth  of  the  N+-  and  P+-junctions  was  0.25  pm  and  0.3 
pm  respectively. 
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3  -  Device  simulations 

Since  the  field  transistor  current  is  essentially  controlled  by  2-D  potential  barrier  lowering,  the  relevant  parameters 
like  dopant  concentration  at  the  interface  and  parasitic  channel  length  have  been  varied  using  a  device  simulator 
[5],  which  enables  simulation  of  the  non-planar  LOCOS  structure.  The  field  oxide  morphology  and  doping  profiles 
used  here  have  been  derived  from  SEM  and  2-D  process  modelling  data.  The  structure  used  to  investigate  narrow 
N+-P+  spacing  is  given  in  Fig.  1.  In  Fig.  2  a  three  dimensional  plot  of  the  doping  profiles  used  is  given.  Figs.  3 
and  4  show  the  current  of  the  N+-Nwell  and  P+-Pwell  field  transistors  as  a  function  of  channel  length  and  doping. 
For  a  current  level  of  10~9  A  per  cm  gate  width,  simulations  indicate  that  a  minimum  value  of  1.5  pm  for  the  N+- 
P+  spacing  is  feasible.  Using  conventional  well  technology,  the  above  value  can  hardly  be  reduced  below  3.5  pm  [6] . 


4  -  Experimental  results 

The  testmodule  for  measuring  the  leakage  currents  from  N+  to  Nwell  and  P+  to  Pwell  has  alternating  polysilicon 
gates  and  junctions  adjacent  to  the  field  oxide  edges  to  make  the  module  worst  case  with  respect  to  punch-through. 
In  Figs.  5  and  6  measured  subtreshold  characteristics  of  different  parasitic  field  transistors  are  given.  Both  figures 
show  that  a  threshold  voltage  well  above  10  V  can  be  realised  for  small  spacings.  For  the  N+-Nwell  and  P+-Pwell 
field  transistors  the  channel  lengths  have  been  varied  in  steps  of  0.25  pm.  Typical  results  have  been  summarized 
in  Fig.  7  for  various  implantation  doses.  Using  the  previous  current  criterium,  for  X„  and  Xp  minimum  values 
of  0.95  pm  (P=5el6)  and  0.45  pm  (N=8el6)  have  been  found.  These  values  differ  by  less  than  0.1  pm  from  the 
simulated  values. 

Fig.  8  shows  the  experimental  spread  for  N+-Nwe!l  field  transistors  over  a  wafer  for  various  channel  lengths. 
The  figure  indicates  that  for  a  Pwell  concentration  of  5el6  B/cm3  a  channel  length  of  1.25  pm  is  required,  while 
simulation  results  (see  Fig.  2)  indicate  that  a  smaller  spacing  can  be  used.  The  spread  is  caused  by  misalignment, 
variation  of  implantation  angle  and  shadowing  by  the  high  energy  implantation  mask  [7].  Similar  results  have 
been  found  for  the  P+-Pwell  field  transistors.  Therefore  the  simulated  value  of  1.5  pm  for  the  N+-P+  spacing  has 
to  increase  to  2.5  pm  in  practice. 

Fig.  9  shows  the  threshold  shift  of  NMOSTs  of  various  widths,  demonstrating  the  absence  of  narrow  width  effects 
due  to  absence  of  lateral  diffusion  of  the  channelstopper.  Furthermore  the  small  influence  of  the  Nwell  dose  on 
the  body  factor  of  the  PMOST  transistor,  as  is  shown  in  Fig.  10,  demonstrates  the  possibility  of  independent 
optimisation  of  field  and  active  MOSFETs. 


5  -  Conclusions 

The  results  demonstrate  that  twin  retrograde  well  technology  enables  excellent  transistor  performance  combined 
with  small  spaced  field  isolation.  Simulations  indicate  that  this  technology  allows  to  reduce  the  N+-Pn  spacing 
down  to  1.5  pm  .  Experimental  results  show  that  process  spread  requires  an  increase  of  the  N+-P+  spacing  to  2.5 
pm. 
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Fig. 7  -  Gate  voltage  Vgs,  corresponding  to  1  nA  parasitic  Fig. 8  -  Variation  of  gate  voltage,  corresponding  to  1  nA 
current  per  cm  gate  width,  vs  the  extension  of  the  well  parasitic  current  per  cm  gate  width,  vs  Xr  for  various 
mask  Xm,  for  various  doping  densities  at  the  interface.  doping  densities  at  the  interface. 


W,ff  - ►  (jim)  NWKLLDOSC'itlt 


Fig-9  -  The  threshold  shift  A  Vt  vs  the  effective  channel  Fig.  10  -  The  body  factor  of  a  PMOST  vs  the  Nwell 

width  Wtff  for  a  NMOST  of  20  pm  channel  length.  dose  for  implantation  energies  of  850  keV  (W/L=10/l) 
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H.J.H.  MERKS-EPPINGBROEK  and  F.M.  OUDE  LANSINK 

Philips  Research  Laboratories .  NL-5600  JR  Eindhoven,  The  Netherlands 


Abstract  The  device  characterisation  and  the  ringoscillator  performance  of  a  high  density  half-micron 
CMOS  process  were  studied.  A  novel  recessed  field  isolation  technology  ,  twin  retrograde  wells, 

N+  poly-silicon  gate  material  and  lightly  doped  drain  structures  for  both  the  n-  and  p-channel 
devices  were  used  in  the  device  fabrication.  The  device  properties  and  the  ringoscillator  performance 
will  be  presented. 


1.  INTRODUCTION 

It  is  expected  that  the  scaling  of  CMOS  towards  half-micron  dimensions  will  lead  to  increases  in  packing  density  and 
circuit  performance.  However  the  performance  increase  of  the  scaled  transistors  can  be  degraded  by  several  parasitic 
effects  such  as  a  reduced  mobility  /l/,  series  resistances  /2/  and  a  lower  power  supply  voltage.  Furthermore  the 
use  of  advanced  technology  which  is  needed  for  the  realisation  of  a  high  packing  density  can  influence  the  device 
behaviour.  In  this  paper  a  study  on  the  transistor  properties  and  the  ringoscillator  performance  of  a  high  density 
half-micron  CMOS  process  will  be  presented.  The  aim  of  the  work  was  to  characterize  devices  which  were  fabricated 
using  advanced  front-end  technology.  A  scaled  recessed  LOCOS  technology  and  twin  retrograde  wells  were  used 
during  the  device  fabrication.  The  device  design,  the  fabrication  technology,  the  device  characterisation  and  the 
ringoscillator  performance  will  be  presented  in  the  following  sections. 

2.  DEVICE  DESIGN 

The  devices  were  designed  for  a  3.3  volt  power  supply  voltage  and  a  threshold  voltage  of  0.8  volt.  The  gate  oxide 
thickness  was  12.5  nm.  The  minimum  effective  channel  length  was  0.35  pm  for  the  n-channel  transistors  and  0.4  pm 
for  the  p-channel  transistors.  N+  poly-silicon  gate  material  was  used  to  obtain  a  high  current-drive  capability  for  the 
p-channel  devices.  Consequently  the  p-channel  device  is  of  the  buried  channel  type.  It  is  very  sensitive  to  the  drain 
induced  barrier  lowering  (DIBL)  effect.  Simulations  showed  that  for  optimum  device  design  the  threshold  counter 
doping  junction  depth  and  source-drain  junction  depths  should  be  less  than  0.08  pm  and  0.15  pm  respectively.  The 
shallow  channel  junction  depth  was  realized  by  the  use  of  an  anti  punch  through  implant  (P,As).  Retrograde  wells 
were  used  so  that  the  device  isolation  and  transistors  could  be  optimized  independently  of  each  other.  Furthermore 
an  improved  control  of  the  threshold  voltage  of  the  p-channel  devices  can  be  obtained.  An  LDD  structure  was  used 
for  both  the  n-  and  p-channel  devices  for  three  reasons.  Firstly  for  the  reduction  of  the  hot  carrier  degradation 
effects.  Secondly  the  shallow  N~  or  P~  junction  depth  reduces  the  short  channel  and  DIBL  effects.  Thirdly  the  N* 
and  P+  doping  profiles  can  be  optimized  for  a  salicidation  process.  The  N~  and  P~  dosis  were  4  1013cm_I  and  the 
oxide  spacer  length  was  0.15  pm. 

3.  FABRICATION  PROCESS 

Direct  write  electron  beam  lithography  was  used  for  the  fine  line  patterning.  A  fully  recessed  LOCOS  technique  was 
used  for  the  field  isolation.  The  recessed  LOCOS  technology  leads  to  a  nearly  planar  surface  after  field  oxidation. 
This  is  beneficial  for  future  optical  lithography  and  the  reduction  of  step  coverage  problems.  The  recessed  isolation 
process  is  based  on  a  suppressed  LOCOS  scheme  in  which  an  oxynitride/nitride  layer  is  used  as  an  oxidation  mask 
/3/.  The  recessed  oxide  is  obtained  by  a  two  step  oxidation  process.  First  a  thin  (0.3  pm)  oxide  is  grown  at 
1000°  C  in  a  wet  oxygen  ambient. This  oxide  layer  is  etched  in  a  standard  wet  chemical  HF  etch.  Thereafter  a  second 
oxidation  is  done  (0.55  pm  thickness).  In  figure  1  a  scanning  electron  microscope  micrograph  of  the  field  isolation 
structure  after  the  second  oxidation  is  shown.  A  nearly  planar  field  oxide  can  be  observed.  A  lateral  encroachment 
of  about  0.1  pm  and  an  active  area  pitch  below  1.2  pm  were  obtained.  Formation  of  crystal  defects  was  extensively 
studied.  Wright  defect  etching  and  cross  section  transmission  electron  microscopy  did  not  reveal  any  defects. 
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After  removal  of  the  oxynitride/nitride  stack  and  cleaning  steps  a  sacrifice  oxidation  is  done.  Thereafter  the  retro¬ 
grade  wells  and  the  anti  punch  through  implantations  were  done.  Then  12.5  nm  of  gate  oxide  is  grown  in  a  dilluted 
dry  Oj/Nj  mixture  (10  percent  Oj  by  volume)  followed  by  a  blanket  threshold  implant  and  deposition  of  0.3  pm 
polycrystalline  silicon  which  was  doped  by  an  arsenic  implantation  (10 wcm'!).  After  poly-Si  etching  the  N  ~  im¬ 
plantation  were  done  followed  by  a  thermal  drive  step  (950°C)  to  obtain  sufficiently  gradual  source-drain  junction 
profiles.  The  P~  implant  was  done  either  before  or  after  the  N~  drive  step.  The  low  temperature  LDD  variant  leads 
to  shallow  junctions  and  a  reduced  lateral  diffusion.  Thisway  DIBL  phenomena  and  short  channel  effects  are  reduced. 
After  LPCVD  oxide  deposition  and  spacer  etching  the  N+  and  P+  source-drain  implantations  were  done  followed  by 
a  final  high  temperature  activation  step  (900°C).  Then  a  0.3  pm  LPCVD  oxide  layer  is  deposited,  contact  windows 
are  opened  and  Al/Si  is  deposited.  The  final  step  is  a  post  metallisation  anneal  at  450°C  in  a  Ni/ Hi  mixture. 


Fig.l  Scanning  electron  microscope  micrograph  of 
a  cross  section  of  the  recessed  field  oxide  after  the  sec¬ 
ond  oxidation  step.  The  oxidation  mask  width  was  0.6 
pm,  the  open  spaces  are  0.7  and  1.4  pm  respectively  . 
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Fig. 2  Id ,  -  Vd,  characteristics  of  n-  and  p-channel  tran¬ 
sistors  with  an  effective  gate  length  of  0.35  pm.  The 
gate  width  was  0.7  pm.  The  gate  bias  is  given  in  the 
figure.  The  p-channel  device  with  a  high  temperature 
LDD  drive  step  is  shown  . 


4.  DEVICE  CHARACTERISATION 

In  figure  2  the  Ida  —  Vdt  characteristics  of  half-micron  n-  and  p-channel  transistors  processed  with  the  recessed  field 
isolation  are  shown.  The  effective  gate  length  and  gate  width  of  these  devices  were  0.35  pm  and  0.7  pm  respectively. 
Good  device  characteristics  and  a  high  current  drive  capability  can  be  observed.  The  maximum  transconductance  in 
the  saturation  region  is  150  pS/pm  and  90  pS/pm  for  the  n-  and  p-channel  devices  respectively.  The  ratio  between 
the  current  drive  capabilities  of  the  p-  and  n-channel  devices  is  0.6. 

In  figure  3  the  subthreshold  characteristics  of  narrow  width  transistors  are  shown.  The  drain  bias  was  varied 
between  0.1  and  4.1  volt.  The  off  currents  {V9$  --  0V,  Vd,  =  4V)  are  well  below  10  pA /pm.  The  characteristics  show 
no  sign  of  side  wall  inversion,  i.e.  no  double  threshold  can  be  observed.  The  subthreshold  slopes  of  the  n-  and  p- 
channel  devices  are  88  mV/dec  and  100  mV/dec  respectively.  In  figure  4  the  linear  (Vd,  =  0.1V)  and  saturation 
(Kl»  =  3.7V)  threshold  voltages  are  plotted  for  n-  and  p-channel  devices  versus  the  effective  channel  length.  The 
threshold  definition  was  set  at  a  source-drain  current  of  W/L  ■  10 ~7 A  .  Data  for  the  p-channel  devices  with  the 
low  temperature  LDD  drive  step  were  plotted  in  this  figure.  The  short  channel  effects  for  these  n-  and  p-channel 
devices  are  sufficiently  small  for  effective  channel  lengths  down  to  0.35  pm.  P-channel  devices  processed  with  the 
high  temperature  P~  drive  step  showed  much  stronger  short  channel  effects  (see  fig.  3)  and  an  unacceptably  large 
lateral  diffusion.  Narrow  width  effects  on  the  threshold  voltage  were  small,  the  threshold  voltage  variations  were  less 
than  50  mV  for  a  variation  of  channel  width  from  0,7  pm  to  8  pm.  The  absence  of  the  narrow  width  effect  is  due 
to  the  high  channel  doping  levels  of  the  scaled  devices  and  the  use  of  retrograde  wells.  The  body  coefficient  of  the 
n-channel  devices  was  found  to  vary  between  0.2  and  0.6  V1!1  for  effective  channel  lengths  between  0.35  pm  and  0.9 
pm.  For  the  p-channel  devices  values  between  0.35  and  0.6  V1/2  were  found. 

The  hot  carrier  degradation  of  the  n-  and  p-channel  devices  was  extensively  studied.  The  n-channel  devices  were 
stressed  at  Vdt  above  6.0  V  and  Vt,  such  that  the  substrate  current  is  maximum.  As  a  lifetime  criterion  a  change 
in  the  maximum  gain  factor  in  the  linear  region  of  10  percent  was  taken.  The  maximum  drain  bias  for  a  device 
lifetime  of  10  years  as  function  of  the  effective  channel  length  is  plotted  in  figure  5.  For  a  half-micron  gate  length 
the  maximum  drain  bias  is  4.2  V  which  is  well  above  3.7  V,  the  maximum  value  for  a  3.3  V  power  supply  voltage. 

The  worst  case  degradation  of  the  p-channel  devices  occurs  under  different  stress  conditions.  It  has  been  reported 
recently  /4/  that  the  strongest  degradation  of  sub-micron  p-channel  devices  occurs  when  the  gate  current  is  maximum 
i.e.  for  Vit  close  to  the  threshold  voltage.  Hence  the  p-channel  devices  were  stressed  with  V},  such  that  the  gate 
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Fig. 3  Subthreshold  characteristics  of  the  n-  and  p- 
channel  transistors  shown  in  figure  2.  The  drain  bias 
is  varied  between  0.1  and  4.1  V  . 


Fig.4  The  linear  (Q)  and  the  satur  tion  threshold 
voltage  (A)  plotted  versus  the  effective  channel  length 
for  the  n-channel  and  the  p-channel  devices  The  p- 
channel  devices  with  the  low  temperature  LDD  drive 
step  are  shown  . 
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Fig. 5  Maximum  drain  bias  for  a  10  year  device  lifetime 
versus  the  effective  channel  length  for  the  n-channel 
devices  . 


Fig, 6  Variation  of  the  saturated  threshold  voltage  and 
the  effective  channel  length  of  p-channel  devices  dur¬ 
ing  stress.  The  solid  curve  is  the  Vt-L) j  dependence  of 
the  unstressed  devices. 
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current  is  maximal  and  with  Vd,  between  -6  V  and  -8  V.  In  figure  6  changes  in  the  saturation  threshold  voltage  versus 
the  effective  channel  length  Lp  during  the  stress  period  are  plotted  for  devices  with  the  low  temperature  LDD  drive 
step.  Lp  is  determined  from  the  gain  factor  in  the  linear  region.  It  appears  that  during  stress  devices  follow  the 
same  Vt  -  Lg  curve  as  the  unstressed  devices  with  different  channel  lengths  do.  This  indicates  that  variations  in  the 
threshold  voltage  during  stress  are  mainly  due  to  channel  length  shortening  effects.Hence  the  devices  with  shorter 
channel  lengths  are  most  affected.  The  lifetime  criterion  of  the  p-channel  devices  under  the  above  stress  conditions 
was  taken  as  a  100  mV  shift  in  the  reverse  saturation  threshold  voltage  (lp,  =  10~7A,Vd,  =  -3.7V).  For  a  10  year 
device  lifetime  a  maximum  drain  bias  of  -4.2  V  was  found  for  devices  with  a  half-micron  gate  length  . 

5.  RING  OSCILLATOR  PERFORMANCE 

Unloaded  51-stage  ringoscillators  with  half-micron  gate  length  n-  and  p-channel  transistors  were  fabricated.  The 
width  of  the  active  area  was  lpm  and  square  contact  hole  of  1  fim  size  were  used.  A  plot  of  the  delay  per  stage 
versus  the  power  per  stage  for  power  supply  voltages  between  2  and  6  volt  is  given  in  figure  7.  For  a  power  Bupply 
voltage  of  3.3  V  the  delay  per  stage  is  120  ps,  the  power  dissipation  is  13  y.W  per  stage.  A  relatively  large  source- 
drain  junction  area  was  used  in  the  present  design,  so  the  stage  delay  can  be  improved  considerably.  The  power-delay 
product  at  3.3  V  equals  1.6  fJ.  This  power-delay  product  is  one  of  the  lowest  values  reported  thus  far. 


delay  per  stage  (ps) 


1  10  100 
power  per  stage  (/iW ) 


^*8  ^  1'^le  delay  per  stage  versus  the  power  dissipation 
per  stage  for  a  51  stage  ringoscillator.  Values  for  the 
power  supply  voltage  are  plotted  in  the  figure.  The 
insert  shows  an  oscilloscope  trace  of  the  ringoscillator 
output  at  a  power  supply  voltage  of  3.3  V. 


6.  CONCLUSIONS 

The  device  characterisation  of  a  3.3  V  high  packing  density  half-micron  CMOS  process  has  been  described.  An 
advanced  recessed  LOCOS  technology  and  twin  retrograde  wells  were  succesfully  used  in  the  device  fabrication.  A 
good  device  behaviour  has  been  found.  A  high  performance  and  a  good  control  of  short  channel  effects  were  observed. 
The  hot  carrier  degradation  of  the  devices  was  studied  and  a  10  years  device  lifetime  for  a  power  supply  voltage  of 
4.2  volt  was  found.  The  stage  delay  of  a  51  stage  ringoscillator  was  studied  and  both  high  speed  and  a  very  low 
power-delay  product  were  observed.  The  observed  device  behaviour  shows  that  very  high  performance  circuits  can 
be  expected  for  half-micron  CMOS. 

References 

/l/  G.  Baccarani  and  M.R.  Wordeman,  IEEE  Trans.  Electron  Dev.,  30,  pp  1295  (1983) 

/2/  K.K.  Ng  and  W.T.  Lynch,  IEEE  Trans.  Electron  Dev.,  34,  pp  503  (1987). 

/3/  P.A.  van  der  Plas,  W.C.E.  Snels,  A.  Stolmeijer,  H.J.  den  Blanken  and  R.  dc  Werdt, 

Dig.  of  Tech.  Papers  1987  symp.  on  VLSI  technol.,  pp  19  (1987) 

/ 4/  M.  Koyanagi,  A.G.  Lewis, J.  Zhu,  R.A.  Martin,  T.Y.  Huang  and  J.Y.  Chen 
IEDM  Tech.  Dig.  ,  pp  722,  (1986) 


JOURNAL  DE  PHYSIQUE 

Colloque  C4,  supplement  au  n°9,  Tome  49,  septembre  1988 


C4-37 
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Resumfi  -  Une  nouvelle  mSthode  pour  la  characterisation  de  transientes  d'inversion  dans  des  dispositifs 
metal-oxide-semiconducteur  est  reportee.  L'utilisation  de  la  Spectroscopie  Isothermique  des  Transientes  de 
Niveaux  Profonds  permet  de  separer  les  courants  de  generation  d'origines  differentes.  La  combinasion  de 
graphes  d'activation  avec  des  graphiques  ’Zerbst'  donne  une  characterisation  complete  de  dispositifs  de 
dimensions  allant  jusqu'l  moins  d'un  micrometre. 

Abstract  -  A  new  method  for  characterising  inversion  transients  in  metal-oxide-semiconductor  devices  is 
reported.  The  technique  uses  Isothermal  Deep  Level  Transient  Spectroscopy  to  separate  generation 
currents  from  various  sources.  The  combination  of  activation  graphs  with  Zerbst  plots  gives  a  complete 
characterisation  of  devices  with  dimensions  down  to  sub-micron  levels. 


1  -  INTRODUCTION 

The  rate  at  which  inversion  layer  charge  builds  up  in  an  MOS  structure  is  a  crucial  parameter  which  critically 
affects  the  performance  of  many  MOS  devices.  In  1966  Zerbst1  described  a  technique  which  allowed  a 
separation  of  the  generation  currents  which  create  the  inversion  layer  into  those  components  which  depend  on 
the  depletion  width  from  those  which  do  not.  Using  this  analysis  Zerbst  calculated  a  generation  lifetime  (from 
the  depletion  component)  and  a  surface  recombination  velocity  (from  the  components  which  did  not  depend  on 
the  depletion  width).  Many  variations  of  the  original  Zerbst  method  have  been  proposed.  A  very 
comprehensive  review  of  these  was  published  in  1985  by  Kang  and  Schroder2.  Some  of  the  modifications 
speed  up  the  measurement,  some  simplify  the  calculation,  some  undertake  a  more  rigorous  analysis  but  in  the 
main  the  fundamental  concept  of  separation  into  two  components  remains. 

The  last  five  years  has  seen  remarkable  progress  in  MOS  devices  and  the  silicon  from  which  they  are  made. 
The  use  of  epitaxial  layers  and  improved  gettering  techniques  result  in  the  contribution  of  minority  carriers 
from  the  depletion  region  being  insignificant.  This  means  that  the  hold  time  of  the  best  MOS  structures 
manufactured  today  is  not  dependent  on  deep  states  in  the  depletion  region.  However,  contributions  from 
carrier  diffusion  from  the  bulk  material  and  from  the  region  where  the  surface  depletion  region  edge  meets  the 
surface  are  increasingly  important.  The  latter  is  particularly  so  in  very  small  devices.  The  bulk  contribution 
is  not  depletion  width  dependent  and  so  the  Zerbst  analysis  embraces  it  into  the  surface  term.  However,  the 
contribution  from  the  depletion  edge  at  the  surface  is  depletion  width  dependent  (but  not  linearly)  and  so 
distorts  the  Zerbst  curve.  Consequently,  additional  measurements  are  needed  to  propertly  characterise  the 
generation  processes.  In  addition,  the  instrumentation  normally  used  for  the  Zerbst  measurement  only  permits 
the  use  of  special  test  capacitors  with  fairly  large  areas,  and  not  of  the  normal  micron-sixed  FET  gates  in 
which  the  relative  importance  of  the  various  generation  mechanisms  is  expected  to  be  very  different.  In 
particular,  surface  generation  from  the  lateral  depletion  region  becomes  of  increasing  importance  as  the  device 
size  is  reduced.  It  is  also  interesting  to  consider  that  the  total  number  of  bulk  traps  or  interface  states 
present  in  a  high  quality  sub-micron  device  is,  on  average,  of  the  order  of  two  or  three.  Thus  the  trap 
population,  whatever  its  origin,  will  be  subject  to  statistical  fluctuation,  the  effects  of  which  can  never  be 
appreciated  on  large  test  capacitors. 

Recently  we  described  a  technique  which  uses  a  Deep  Level  Transient  Spectroscopy  (DLTS)  system  to 
overcome  some  of  these  limitations3.  In  this  method,  DLTS  scans  of  the  capacitance  change  are  obtained  and 
an  Arrhenius  plot  then  yields  activation  energies  characteristic  of  the  generation  mechanisms.  This  method  also 
has  advantages  over  single-shot  Zerbst  in  terms  of  its  high  sensitivity,  principally  because  the  data  are  a  result 
of  signal  averaging  in  a  relatively  noise-free  part  of  the  spectrum.  Essentially,  the  DLTS  output  is  the 
difference  between  two  successive  measurements  of  the  device  capacitance.  This  means  that  flicker  noise  and 
d.c.  offset  are  subtracted  out,  enabling  devices  with  very  small  quiescent  capacitances  to  be  measured.  Hence 
the  technique  can  be  used  to  directly  measure  micron-sized  devices.  Unfortunately  it  was  necessary  to 
considerably  simplify  the  analysis  because,  as  the  temperature  is  varied,  some  of  the  macroscopic  parameters  of 
the  specimen  (such  as  the  equilibrium  inversion  capacitance  Cf  and  the  carrier  concentration  nj)  change.  The 
present  paper  describes  the  use  of  an  isothermal  variant  of  the  DLTS  technique,  for  which  the  temperature  is 
maintained  constant  throughout  a  scan  of  the  system's  rate  window. 


( l)  present  address:  Bio-Rad  Laboratoiies,780  Montague  Expressway,  Suite  #201,  San  Jose,  CA95131,  USA. 
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2  -  THE  ISOTHERMAL  TECHNIQUE 

A  family  of  DLTS  peaks  obtained  on  an  MOS  test  capacitor  by  the  I-DLTS  measurements  is  shown  in 
Figure  1.  Unlike  normal  DLTS,  the  signal  AC  is  plotted  against  the  logarithm  of  the  rate  window,  with 
temperature  as  a  parameter.  There  are  several  additional  advantages  in  measuring  emission  transients  using  the 
isothermal  variety  of  DLTS.  In  particular,  stressing  of  the  sample  resulting  from  the  application  of 
temperature  cycles  is  minimised  because  it  is  not  necessary  to  take  the  sample  repeatedly  through  a  wide  range 
of  temperatures.  Such  considerations  are  of  particular  importance  in  MOS  devices  where  temperature  cycling  to 
cryogenic  temperatures  often  results  in  degradation. 

Essentially,  the  technique  consists  in  scanning  the  system  rate  window  over  a  wide  range  whilst  maintaining  the 
temperature  constant.  The  measurement  is  then  repeated  at  other  fixed  temperatures  in  order  to  obtain  a 
family  of  DLTS  peaks.  These  are  used  to  produce  an  activation  plot  but  since  each  DLTS  peak  is  a 
measurement  of  an  unchanging  capacitance  transient,  it  is  possible,  by  manipulating  the  data  constituting  one 
peak,  to  replot  the  original  transient.  This  exercise  can  in  fact  be  carried  out  with  a  high  degree  of 
accuracy.  It  might  seem  paradoxical  that  such  a  reconstruction  should  be  undertaken  but  it  gives  rise  to  more 
noise-free  data  than  a  single  direct  measurement  of  the  transient.  The  rate  window  is  defined  by  two  sampling 
periods,  the  mid  point  of  these  occurring  at  times  t,  and  t2  after  the  device  has  been  switched  into  depletion. 
The  ratio  between  these  two  times  is  kept  constant  at  2  (i.e.  tj/t,=2).  The  sampling  times  are  swept  across 
the  transient  starting  at  the  lowest  values  of  the  sample  times  t,  and  tr  This  corresponds  to  the  highest  rate 
window.  An  Arrhenius  plot  can  be  constructed  from  the  position  of  the  DLTS  peaks  and  information 
concerning  the  generation  mechanisms  obtained  in  the  same  way  as  described  previously  using  the  temperature 
scanning  technique3. 

In  order  to  reconstruct  the  C-t  transient  from  the  DLTS  peaks,  we  must  convert  the  C(t,)  -  C(t2)  vs.  rate 
window  data  which  are  produced  by  the  DLTS  measurement,  into  the  actual  values  of  the  capacitance  as  a 
function  of  time.  To  do  this  it  is  important  that  the  first  measurement,  corresponding  to  the  shortest  sampling 
times,  should  give  rise  to  a  signal  which  is  negligible  compared  to  the  quiescent  capacitance  of  the  device. 
The  reason  for  this  is  that  the  change  in  capacitance  between  t=0  and  t=t,(l),  where  t,(l)  is  the  shortest 
sampling  time  used  in  the  scan,  is  not  known  and  is  assumed  to  be  zero.  In  practice  this  condition  is  readily 
satisfied  within  the  range  of  normal  measurement  temperatures.  The  driver  software  is  written  in  such  a  way 
that  the  times  t,  and  t2  double  every  12  points,  this  number  being  chosen  to  generate  an  appropriate  number 
of  data  points.  This  means  that  at  any  measurement  point  other  than  the  first  twelve  points,  the  time  of  the 
second  sampling  time,  t2,  is  equal  to  the  value  of  the  first  sample,  t,,  twelve  points  back.  This  may  be 
expressed  more  conveniently  in  mathematical  terms,  as  follows,  where  i  corresponds  to  the  ith  data  point  of 
the  scan: 


tj(i)  -  t , < I —12)  for  1>12  (2) 

This  relationship  between  the  two  samples  is  used  to  construct  the  capacitance  transient  from  the  DLTS  result. 
The  time  at  the  mid-point  of  the  first  sampling  gate  t ,  is  the  time  t(i)  of  the  C-t  pair,  and  the  capacitance 
C(i)  is  extracted  in  the  following  way  from  the  DLTS  data:  first,  the  capacitance  difference  between  the  value 
at  t  =  0  and  at  the  time  t  =  t,  is  computed  for  all  points;  then,  this  capacitance  is  added  to  the  difference 
between  the  maximum  (saturated)  value  of  the  capacitance,  and  the  previously  determined  value  of  the 
equilibrium  inversion  capacitance  Cf.  In  the  case  of  the  first  twelve  points  for  which  the  signal  AC  should  be 
negligibly  small,  the  values  of  C(i)  are  set  equal  to  AC,  which  means,  in  effect,  that  we  are  ignoring  the 

capacitance  change  between  t=0  and  t=t,  for  the  first  12  points: 

C(l)  -  AC( 1 )  for  1<1<12  (3) 

It  follows  that  for  all  the  remaining  points: 

C(i)  -  AC( i )  +  C( i — 1 2 )  for  i  >  12  (4) 

As  both  of  the  samples  reach  the  fiat,  equilibrium  part  of  the  C-t  curve.  C(i)  will  saturate.  This  saturated 
value  Cjjf  is  compared  to  the  measured  inversion  capacitance  Cf,  and  the  difference,  dC  =  Cf-C^,  is  added 
to  all  the  C(i)  values  obtained  from  equations  (3)  and  (4).  The  array  elements  C(i)  now  hold  the  actual 
capacitance  of  the  device  at  the  time  t(i)  =  tj(i)  following  the  return  to  the  quiescent  reverse  bias  after  the 
accumulation  pulse,  thus  completing  the  conversion  of  the  DLTS  data  to  the  capacitance  transient. 

3  -  EXPERIMENTAL  ILLUSTRATION 

The  Arrhenius  plot,  derived  from  the  data  in  Figure  1,  is  shown  in  Figure  2.  It  yields  a  straight  line  with 
an  activation  energy  of  429  meV.  This  low  energy  eliminates  the  possibility  that  the  minority  carriers 

originate  in  the  bulk  and  diffuse  to  the  depletion  region.  In  such  cases  the  process  is  activated  at  near  band 

gap  energy. 
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If  the  dominant  generation  mechanism  is  due  to  generation  via  deep  states  within  the  depletion  layer  an 
energy  of  slightly  more  than  half  band  gap  (650meV)  is  observed 3.  In  the  case  shown  it  is  considerably  less 
and  it  is  likely  that  the  generation  is  dominated  by  surface  phenomena.  Carrying  out  a  reconstruction  of  the 
C-t  transient  from  one  of  the  I-DLTS  peaks  and  performing  the  Zerbst  analysis,  as  shown  in  Figure  3, 
provides  support  for  this  interpretation.  Indeed,  apart  from  the  later  stages  of  the  recovery,  the  Zerbst  plot 
exhibits  a  constant  generation  current,  independent  of  the  width  of  the  depletion  layer.  This  does  not  fit  the 
model  for  deep  level  generation  within  the  depletion  layer,  but  is  consistent  with  surface  generation  in  a  large 
area  device.  The  value  obtained  for  the  carrier  generation  lifetime  from  this  plot  is  meaningless  since  the 
Zerbst  plot  is  virtually  flat.  The  fit  to  the  C-t  plot  was  computed  by  solving  Zerbst's  equation  using  the 
values  for  the  surface  generation  velocity  obtained  from  the  Zerbst  analysis.  Not  surprisingly,  the  transient 
response  time  is  solely  dependent  on  the  value  of  the  intercept  of  the  Zerbst  plot  with  the  vertical  axes. 

From  the  Zerbst  plot,  it  is  immediately  evident  that  depletion  layer  generation  is  not  responsible  for  the 
inversion.  However,  both  the  constant  generation  currents  and  the  high  temperature  at  which  the  measurements 
were  obtained,  make  a  diffusion  component  from  the  bulk  the  favourite  contender.  However,  in  this  case  we 
know  that  this  is  not  possible  because  of  the  small  value  of  the  activation  energy.  Although  Schroder  and 
Nathanson4  showed  that  surface  generation,  especially  from  a  lateral  depletion  region,  could  play  an  important 
role  as  a  source  of  minority  carriers,  diffusion  from  the  bulk  and  deep  level  generation  in  the  depletion  layer 
are  often  assumed  to  be  the  only  important  sources  of  minority  carriers  to  feed  the  inversion  process.  It 
should  also  be  remembered  that  the  relative  importance  of  surface  generation  compared  to  diffusion  and 
depletion  layer  generation  increases  as  the  device  size  shrinks,  making  this  source  of  generation  very  important 
in  very  small  devices.  Unfortunately  the  Zerbst  plot  does  not  permit  a  distinction  to  be  drawn  between  the 
sources  of  carriers  which  are  not  dependent  on  depletion  width.  However,  the  Arrhenius  plot  provides 
conclusive  evidence  that  the  process  is  not  a  band  to  band  excitation  (this  would  have  an  activation  energy 
>  1  eV)  so  eliminating  the  possibility  of  minority  carrier  diffusion  being  a  major  process  in  this  case. 
Although  such  an  Arrhenius  plot  could  be  obtained  from  conventional  DLTS  the  Zerbst  plot  cannot  be 
reconstructed  and,  again,  ambiguity  persists  which  only  1-DLTS  resolves. 

The  surface  generation  velocity  Sg  under  the  gate  can  be  calculated  from: 
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where  X^t)  and  Yz(t)  are  the  X  and  Y  co-ordinates  of  the  Zerbst  plot;  Tg  is  the  effective  generation  lifetime 
calculated  from  the  slope  of  the  Zerbst  plot  and  which  includes  any  contribution  by  surface  generation  from 
the  lateral  depletion  region  Cox  is  the  oxide  capacitance,  Dox  is  the  oxide  thickness,  Cf  is  the  quiescent 
capacitance  in  inversion,  Ns  is  the  substrate  doping  concentration,  nj  is  the  intrinsic  carrier  concentration,  and 
rs  and  eox  are  the  dielectric  permittivities  of  the  semiconductor  and  of  the  oxide,  respectively.  The  value  of 
surface  generation  velocity  obtained  from  the  data  in  Figure  3  is  90  cm/s  over  most  of  the  time  span. 


4  -  CONCLUSIONS 


The  I-DLTS  method  is  an  extremely  useful  addition  to  the  assessment  methods  available  for  MOS  devices.  It 
complements  the  long-established  Zerbst  method  and  it  is  possible  to  construct  a  Zerbst  plot  from  the  I-DLTS 
measurement  which  can  result  in  remarkably  noise-free  data.  This  allows  the  direct  measurement  of 
sub-micron  devices.  Very  importantly,  the  combination  of  I-DLTS  data  with  the  Zerbst  analysis  permits  a 
complete  separation  of  the  various  mechanisms  giving  their  dependence  on  depletion  width  and  the  activation 
energy  of  the  process.  The  technique  uses  the  high  sensitivity  of  a  conventional  DLTS  system  for  accurately 
measuring  inversion  layer  formation  on  devices  of  any  size,  down  to  sub-micron  dimensions.  It  is  a  routine 
matter  to  repeat  the  isothermal  measurement  at  several  temperatures  and  produce  an  Arrhenius  plot  of  the 
DLTS  peaks.  This  yields  the  activation  energies  of  the  dominant  generation  processes. 

As  it  is  possible  to  re-construct  the  capacitance  transient  which  gave  rise  to  the  DLTS  peak  a  complete  Zerbst 
analysis  can  be  carried  out  on  the  highly  accurate  capacitance-time  data.  Since  the  temperature  of  the  sample 
is  held  constant  throughout  a  scan,  the  time  taken  for  a  measurement  is  not  limited  by  the  time  required  to 
change  and  measure  the  temperature  of  the  sample.  Moreover,  it  is  not  necessary  to  stress  the  sample  by 
continuously  sweeping  it  through  a  wide  range  of  temperatures. 
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Figure  1 

A  family  of  DLTS  processed 
inversion  transients  plotted  as 
a  function  of  rate  window. 
The  scans  were  taken  at 
342K,  332K,  322K,  31 2K, 
302K  and  292K.  The 
highest  temperature  trace  is 
on  the  right. 
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Figure  2 


10“5  An  Arrhenius  plot  of  data 
derived  from  the  position  of 
the  peaks  in  Figure  1. 


10« 


•/t2 


1000/ T 

t  t  i  .  i  i  i  x. 


33 


Figure  3  (a)  A  normalised  capacitance  time  plot  reconstructed 

from  the  1-DLTS  measurement  at  332K  shown  in  Figure 
1,  and  (b)  The  Zerbst  plot  derived  from  (a).  The 
horizontal  portion  shows  that  the  carrier  generation 
process  is  not  a  function  of  depletion  width  and  so  the 
minority  carriers  are  produced  at  the  semiconductor 
surface  or  diffuse  to  the  depletion  region  from  the  bulk. 
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ABSTRACT  -  A  new  double  polysilicon  gate  technology  for  an  835  Kbit  CCD  video  memory  with 
a  cell  of  4x4  >tm2  [1]  is  presented.  The  spacer  technology  for  the  LDD  MOSFET’s  is  integrated  in 
the  isolation  of  the  double  poly  CCD  structure.  This  makes  the  CCD  fully  compatible  with  standard 
CMOS  processing  and  relaxes  the  anisotropic  plasma  etching  of  second  poly  electrodes.  The 
charge  transfer  efficiency  is  high  for  a  SCCD  without  fat  zero  (e  *  2-10'4).  Measurements  and 
calculations  on  the  charge  transfer  show  no  degradation  for  doping  concentrations  below 
8 -10 15  cm  The  leakage  current  density  is  measured  on  the  835  Kbit  memory  and  agrees  with 
earlier  measurements  on  a  308  Kbit  CCD  video  memory  [2,6]. 

INTRODUCTION 

CCD  memories  are  particularly  suited  for  video  and  audio  applications  because  of  the  serial  data  stream, 
and  have  a  cell  size  which  is  2  to  3  times  smaller  than  a  DRAM  cell.  Double  polysilicon  gate  technology 
is  well  known  for  its  application  in  CCD’s.  However,  downscaling  of  the  conventional  double  poly 
technology  for  high  densisty  CCD  memories  is  not  straightforward.  The  conventional  thermal  inter  poly 
oxide,  based  on  selective  oxidation  of  phosphorus  doped  poly,  is  not  compatible  with  short  channel  LDD 
MOSFET’s.  An  attractive  alternative  is  the  integration  of  the  well  known  oxide  spacer  technology  for  the 
LDD  MOSFET’s  in  the  inter  poly  isolation  of  the  SCCD.  This  makes  the  double  poly  CCD  structure  fully 
compatible  with  standard  CMOS  processing,  and  relaxes  anisotropic  etching  of  the  second  poly  as  will  be 
shown.  With  the  new  double  poly  technology  an  835  Kbit  CCD  video  memory  [1]  with  a  cell  of  4x4  #tm2 
is  realized  in  a  1.3  ^m  single  metal  CMOS  process. 

From  measurements  and  calculations  on  the  charge  transfer  in  the  new  double  poly  CCD  structure  the 
substrate  doping  concentration  is  optimized.  Leakage  current  densities  at  higher  temperatures  are 
measured  in  the  835  Kbit  memory  fabricated  in  the  new  double  poly  technology.  They  are  compared  with 
earlier  measurements  on  a  308  Kbit  CCD  video  memory  [2,6]. 

TECHNOLOGY 

The  process  flow  for  the  double  poly  CCD  structure  and  its  integration  with  p-channel  and  LDD  n-channel 
MOSFET’s  in  a  1.3  fim  N-well  CMOS  process  are  shown  in  fig.  1.  A  cross  section  of  a  CCD  memory  cell 
with  a  pitch  of  4  is  shown  in  fig.  2,  and  the  gap  between  first  and  second  poly  is  shown  in  fig.  3.  The 
double  poly  structure  with  anisotropically  etched  second  poly  can  be  seen  in  a  detail  of  the  835  Kbit 
memory  in  fig.  4.  In  contrast  with  a  conventional  thermal  inter  poly  oxide  based  on  selective  oxidation,  the 
spacer  isolation  gives  the  option  to  choose  independently  the  thickness  of  the  inter  poly  oxide  and  of  the 
second  gate  oxide  [3].  In  our  case  (fig.  1)  the  thickness  of  the  second  gate  oxide  is  400  A  with  an  inter 
poly  oxide  thickness  of  0.25  ^m.  The  first  gate  oxide  is  250  A  thick.  The  smooth  interfaces  of  the  inter 
poly  oxide  yield  a  high  (>  25  V)  inter  poly  breakdown  voltage.  The  spacer  isolation  also  relaxes  the 
anisotropic  plasma  etching  of  the  second  poly,  since  the  spacers  of  the  first  poly  gates  have  positive  slopes 
(fig.  2  and  3).  Negative  slopes  that  occur  with  a  conventional  thermal  inter  poly  oxide  can  yield  residual 
poly  ridges  after  plasma  etching  causing  shorts  between  adjacent  second  poly  gates. 

NMOS  CCD  test  structures  with  relaxed  dimensions  without  LCD’s  were  processed  with  both  the  conven¬ 
tional  and  the  new  double  poly  technology  for  a  comparison  of  the  charge  transfer.  A  detail  and  the  process 
flow  of  a  test  structure  with  the  conventional  double  poly  Isolation  is  shown  in  fig.  5.  Silicon  nitride  spacers 
are  applied  (see  fig.  5)  with  extra  processing  steps  in  order  to  prevent  for  the  residual  second  poly  ridges. 
The  thickness  of  the  first  gate  oxide  is  kept  again  at  250  A,  and  with  the  selective  oxidation  800  A  of 
second  gate  oxide  is  grown  on  monosilicon  simultaneously  with  2300  A  of  oxide  on  first  poly. 
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CHARACTERIZATION 

The  characterization  and  optimization  of  the  new  CCD  memory  structure  will  be  discussed.  With  the  com¬ 
bination  of  a  5  V  four  phase  push  clocking  scheme  (fig.  7)  and  thin  gate  oxides,  a  high  charge  density  of 
3-1012  el./cm2  is  realized.  This  results  in  a  high  charge  transfer  efficiency  as  can  be  seen  in  fig.  6a.  It 
shows  that  the  signal  loss  after  200  transfers  is  relatively  small  for  a  SCCD  without  fat  zero  (e  =  2-10-4). 
Although  the  monosilicon  interface  under  the  second  poly  electrodes  has  been  exposed  to  the  plasma  et¬ 
ching  during  the  formation  of  the  spacer,  see  fig.  1b,  careful  processing  gives  a  reliable  second  gate  oxide. 
This  also  appears  from  a  comparison  of  the  charge  transfer  with  measurements  on  the  CCD  structures 
that  were  processed  with  the  conventional  inter  poly  isolation.  The  measurements  yield  the  same  charge 
transfer  efficiency  and  not  a  higher,  as  would  have  been  expected  in  the  case  of  a  damaged  monosilicon 
interface  for  the  new  technology. 

Care  has  to  be  taken  with  the  doping  underneath  the  CCD  electrodes.  The  result  of  2D  numerical  simula¬ 
tions  of  the  charge  transport  in  fig.  7  demonstrates  that,  at  high  doping  concentrations,  unwanted  potential 
barriers  are  introduced  in  the  gap  region  between  successive  gates  (see  fig.  7  positions  A  and  B).  Below 
the  line  “inter-electrode  potential  barrier”  in  fig.  8  complete  charge  transfer  is  possible.  However,  if  the  gap 
becomes  too  small,  high  lateral  electric  fields  will  give  avalanche  charge  multiplication  [4,5].  Threshold 
voltage  measurements  on  dual  gate  transistor  structures  agree  with  these  simulations  and  show  (fig.  9) 
that  for  an  oxide  spacer  of  0.3  pm  the  doping  concentration  in  the  CCD  should  be  kept  below  about 
8-1015  cm'3  in  order  to  prevent  for  the  unwanted  potential  barriers.  Fig.  6b  shows  the  strong  degradation 
of  the  charge  transfer  at  too  high  a  doping  concentration. 

At  higher  temperatures  the  leakage  current  density  increases  strongly  particularly  due  to  diffusion  of 
minority  carriers  from  the  bulk.  The  measured  CCD  leakage  current  densities  in  the  835  Kbit  memory 
made  in  the  new  double  poly  technology  agree  (see  fig.  10)  with  earlier  measurements  on  a  308  Kbit 
memory  which  was  processed  in  a  polv/metal  gate  2  pm  NMOS  technology  [2,6].  The  typical  leakage  cur¬ 
rent  density  at  T  =  90°C  is  0.2  pA/cnrr.  In  the  835  Kbit  CCD  video  memory  the  influence  of  the  leakage 
current  is  much  less  than  in  the  308  Kbit  memory  not  only  because  the  cell  area  is  3  times  smaller  but 
also  because  the  signal  charge  is  1.7  times  higher.  This  is  illustrated  in  fig.  11.  The  leakage  charge  com¬ 
pared  to  the  signal  charge  is  only  3%  at  90°C  and  20  msec  delay  time  in  the  835  Kbit  memory,  while  for 
the  308  Kbit  memory  it  is  15%. 

CONCLUSIONS 

With  a  new  double  poly  technology  an  835  Kbit  CCD  video  memory  [1]  with  a  cell  of  4x4  pm2  is  realized 
in  a  1.3  pm  single  metal  CMOS  process.  The  integration  of  the  oxide  spacer  technology  for  the  LDD 
MOSFET’s  in  the  inter  poly  isolation  of  the  SCCD  makes  the  double  poly  CCD  structure  fully  compatible 
with  standard  CMOS  processing  and  relaxes  the  anisotropic  etching  of  second  poly.  A  high  charge  transfer 
efficiency  without  fat  zero  (e  «  2 - 10"4)  is  obtained  if  the  substrate  doping  concentration  is  kept  below 
8-1015  cm  .  CCD’s  fabricated  with  conventional  inter  poly  isolation  show  a  comparable  charge  transfer 
efficiency  but  are  not  compatible  with  short  channel  LDD  MOSFET’s.  The  leakage  current  density 
measured  on  the  835  Kbit  CCD  agrees  with  earlier  measurements  on  a  308  Kbit  memory,  however  in  the 
835  Kbit  the  influence  of  the  leakage  charge  at  higher  temperatures  is  less  due  to  the  3  times  smaller  cell 
size  and  1.7  times  higher  stored  signal  charge. 
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1.  Definition  of  N-well,  channel  stopper, 
field  oxide,  first  gate-oxide  and  Vt  im¬ 
plantation. 

2.  Deposition  of  poly-Si  (0.4  jim). 

a  Phosphorus  doping. 

4.  Deposition  of  Si02  (0.25  >irn  TEOS). 

5.  Definition  of  poly-Si/Si02  stack. 

a  N-MOST  LDD  lithography. 

7.  Phosphorus  LDD  implantation. 

a  Resist  strip,  see  fig.  la. 

9.  Deposition  of  Si02  (0.25  nm  TEOS). 

10.  RIE  Si02,  "spacer  etching",  (CF4, 
CHF3,Ar),  see  fig.  1b. 

11.  Oxide  growth  (steam,  900°C,  400  A). 

12.  Deposition  of  poly-Si  (0.4  urn). 

12  Phosphorus  doping. 

14.  Deposition  of  Si02  (0.15  #im  TEOS). 

15.  Definition  of  poly-Si/Si02  stack. 

16.  Implantation  of  S/D  of  NMOST's  and  of 
PMOST’s  after  the  definition  of  implanta¬ 
tion  masks,  resist  strip,  drive  30  min. 
925°C  N2,  see  fig.  1c. 

17.  Standard  backend  of  a  single  metal 
CMOS  process. 


0.25  pm 


Figure  4. 

SEM  photograph  of  a  detail  of  the 
835  Kbit  video  memory  showing  a 
part  of  the  double  poly  structure 
with  anisotropically  etched  second 
poly. 


p-MOST 


n-MOST 


0.3  pm 


CCD 


Figure  1. 

Process  flow  for  a  double  poly  CCD  structure  and  its  integration 
in  an  N-well  CMOS  process. 


Figure  2. 

SEM  photograph  of  the  cross  sec¬ 
tion  of  a  CCD  memory  cell  with  a 
pitch  of  4  nm. 


1.  Definition  of  channel  stopper,  field  oxide, 
first  gate-oxide  and  Vt  implantation. 

2.  Deposition  of  poly-Si  (05  pm). 

3.  Phosphorus  doping. 

4.  Definition  of  poly-Si. 

5.  Grow  oxide  (steam,  950°C,  800  A  on  mono-Si 
and  2300  A  on  poly-Si). 

6.  Deposition  of  nitride  (400  A). 

7.  RIE  of  nitride. 

8.  Deposition  of  poly-Si  (0.4  pm). 

9.  Phosphorus  doping. 

10.  Deposition  of  Si02  (0.15  xm  TEOS). 

11.  Definition  of  poly-Si/Si02  stack. 

12.  Implantation  of  S/D,  anneal. 

13.  Standard  backend  of  a  single  metal  NMOS 
process. 

Figure  5. 

Conventional  double  poly  CCD  structure  based  on 
selective  oxidation  of  phosphorus  doped  poly  with 
nitride  spacers;  detail  above  and  process  flow  below. 


Figure  3. 

TEM  photograph  of  a  cross  section 
of  the  gap  region  between  first  and 
second  poly  (P,  and  P2  respec¬ 
tively). 


a  b 


Figure  6. 

Output  pulses  (without  fat  zero)  of  a  small 
(W  «  2  pm)  serial  CCD  channel.  At  a  high  doping 
concentration  of  2-  10'e  cm-3,  the  charge  transport  is 
degraded  by  potential  barriers  (see  b),  while  at  a  low 
doping  concentration  of  2-10,s  cm-3  only  a  small 
signal  loss  due  to  interface  trapping  appears  (see  a). 
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Figure  7. 

Calculated  surface  potential  distribution  at  four  im¬ 
portant  time  steps  of  the  four  phase  push  clocking 
scheme;  A  and  B  indicate  unwanted  inter-electrode 
potential  barriers  for  high  doping  concentrations. 


For  substrate  impurity  concentrations  and  gap  sizes 
in  the  '  ‘safe-operation-area ' '  no  inter-electrode 
potential  barrier  is  present  and  the  maximum  elec¬ 
tric  field  is  less  than  2 -10s  V/cm,  which  is  used  as 
an  indication  of  avalanche  multiplication. 


Figure  9. 

Measured  inter-electrode  potential  barriers  as  a 
function  of  the  doping  concentration  for  two  situa¬ 
tions  A  and  B  (see  fig.  7). 


Temp  I'd 


Figure  10. 

Leakage  current  density  for  CCD  and  for  gated 
diode  structures  as  a  function  of  temperature;  (&)  is 
measured  on  a  308  Kbit  CCD,  (•)  on  an  835  Kbit 
CCD  and  (o)  on  a  gated  diode. 


TOTAL  DELAY*20msec  T*90*C 


308  Kb 


835  Kb 


Figure  11. 

Output  pulses  of  308  Kbit  and  835  Kbit  CCD 
memory  structures  for  a  comparison  of  the  leakage 
charge. 
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EFFECTS  OF  MECHANICAL  STRESS  ON  MOS  STRUCTURES  WITH  TiSi2  GATES 

P.J.  REUTERS,  J.  GIESE,  M.  OFFENBERG,  W.  RICHTER,  S.  EWERT  and  P.  BALK 

Inst,  of  Semiconductor  Electronics  and  Inst,  of  Physics,  Technical 
University  Aachen,  D-5100  Aachen,  F.R.G. 


Resume  -  Un  piegeage  d'electrons  et  une  generation  densite  d'etats 
a  I'interface  par  I'injectlon  d'electrons  ainsi  qu'une  deterioration  du 
comportement  de  rupture  ont  ete  observe  dans  des  capacites  MOS 
ayant  une  electrode  de  grille  en  T1S12  ■  Ces  effets  sont  plus 
prononces  pour  des  epaisseurs  d'electrode  plus  importantes.  Ils 
semblent  6tre  causees  par  des  contralntes  mechaniques  provoquees 
par  l'electrode  de  grille  de  ce  systeme  MOS. 


Abstract  -  MOS  capacitors  with  TiSi2  gate  electrode  show  electron 
trapping,  interface  state  generation  upon  electron  injection  and 
reduction  of  breakdown  strength;  these  effects  become  more 
pronounced  for  electrodes  with  inc-easing  thickness.  Evidence  is 
presented  that  this  degradation  of  the  insulator  is  due  to  mechanical 
stress  in  the  MOS  system  caused  by  the  gate. 

1  -  Introduction 

TiSi2  is  an  interesting  material  for  interconnection,  contact  and  MOSFET  gate 
application  because  of  its  low  resistivity  and  its  ability  to  reduce  native  oxide 
films.  For  this  reason  this  silicide  finds  application  in  the  VLSI  technology. 

MOS  capacitors  with  TiSi2  gate  were  found  to  show  properties  typical  for 
highly  defective  insulator  films.  They  contain  electron  traps  with  capture 
cross-sections  of  10' 15  to  lO'IScmZ,  Similar  traps  were  found  in  oxides 
implanted  with  Ti  and  electroded  with  Al.  This  suggests  that  the  traps  in  the 
first  case  could  also  be  due  to  Ti.  The  above  explanation  would  fit  in  with  the 
observed  diffusion  behavior  of  Ti  implanted  into  Si02-  However,  the  silicide 
gate  leads  to  the  occurrence  of  heavy  compressive  stress  at  the  Si-SiC>2 
interface.  It  will  be  shown  that  the  compressive  stress  rather  than  indiffusion  of 
Ti  into  the  oxide  is  responsible  for  the  degradation  in  MOS  properties. 

2  -  Experimental 

The  samples  used  for  electrical  mesurements  were  MOS  capacitors  fabricated 
on  p-type  (100)  Si  substrates.  After  growing  oxide  films  of  50  and  90  nm  in  O2 
silicide  gates  were  prepared  by  e-gun  coevaporation  of  Ti  and  Si.  Polycide 
structures  were  fabricated  by  growing  a  250  nm  LPCVD  poly-Si  layer,  doping  it 
with  As  by  ion  implantation  and  finally  depositing  a  Ti/Si  film.  Silicide 
formation  was  carried  out  at  800°C  in  Ar.  Capacitors  were  defined  by  optical 
lithography  and  dry  etching.  Avalanche  injection,  Fowler-Nordheim  injection, 
quasi  static  C-V  and  I-V  measurements  were  performed  to  characterize  the 
trapping  behavior,  the  interface  state  generation  and  the  breakdown  of  the 
structures. 
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The  samples  for  stress  determination  were  fully  TiSi2  coated  oxidized  Si 
wafers  in  the  case  of  interfei  ometeric  measurement  of  the  radius  of  curvature. 
For  determining  the  shift  of  the  Si  TO  phonon  by  Raman  spectroscopy  partially 
coated  samples  were  used.  Both  measurement  techniques  yield  information  on 
the  stress  at  the  Si-Si02  interface. 

3  -  Results  and  discussion 

Results  on  the  electron  trapping  in  a  sample  with  90  nm  oxide  and  200  nm 
TiSi2  are  shown  in  fig.l.  This  figure  gives  the  shift  in  flatband  voltage  in 
dependence  on  the  density  of  injected  electrons.  It  follows  from  this  plot  that 
the  oxide  contains  traps  with  cross-sections  in  the  10"  * 5  to  10'*®  cm'  2 
region.  However,  removal  of  the  silicide  and  replacing  it  with  an  evaporated  A1 
electrode  leads  to  the  disappearance  of  most  of  the  traps.  This  suggests  that 
mechanical  stress  is  dominating  the  trapping  behavior.  In  contrast  to  chemical 
interaction  between  the  silicide  and  the  Si02<  stress  effects  should  exhibit  a 
dependence  on  the  thickness  of  the  silicide  film.  Fig.  2  shows  electron 
trapping  data  for  MOS  capacitors  with  TiSi2  gates  of  different  thickness.  The 


Fig.  1:  Effect  of  substituting  TiSi2  by  Fig.  2:  Effect  of  TiSi2  thickness  on 

A1  on  electron  trapping  behavior  electron  trapping  behavior 


SiC>2  film  in  these  samples  was  50  nm.  For  comparison,  data  on  samples  with 
polycide  and  with  poly-Si  gates  are  also  shown.  The  low  tranping  density  in  the 
latter  case  is  apparent.  The  trapping  in  the  silicide  gate  capacitors  indeed 
increases  with  the  thickness  of  the  gate  electrode. 

Similarly,  the  generation  of  the  interface  states  upon  Fowler-Nordheim 
injection  of  electrons  Is  highest  for  the  sample  with  the  thickest  TiSi2 
electrode  (fig. 3).  The  injecting  field  had  to  be  lowered  in  order  to  avoid  the 
breakdown  of  this  sample.  Already  at  a  low  density  of  injected  electrons  a  large 
density  of  interface  traps  is  observed.  Before  injection  all  samples  exhibit  1 
interface  trap  densities  around  10*0cm"2.  In  fig.  4  typical  I-V  curves  showing 
the  breakdown  behavior  of  samples  with  different  gates  are  presented.  Polycide 
gate  samples  show  a  breakdown  field  comparable  to  that  found  with  poly-Si 
gates.  The  values  for  the  polycide  gates  are  distinctly  lower  and  decrease  with 
electrode  thickness.  These  observations  indicate  that  the  poly-Si  interlayer  in 
the  polycide  samples  lowers  the  stress  level  near  the  Si-SiC>2  interface. 

The  optical  interference  method  provides  average  stress  values  parallel  to  the 
interface  over  relatively  large  areas.  In  all  silicide  and  polycide  gate  samples 
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this  stress  is  compressive.  Only  in  the  poly-Si  gate  samples  the  stress  was 
tensile  but  very  small.  Increasing  TlSi2  thickness  leads  to  higher  stress  levels 
at  the  S1-S102  interface  (fig.  5).  The  stress  in  polycide  gate  samples  was 
distinctly  lower  which  indicates  the  role  of  the  poly-Si  film  in  reducing  the 
overall  stress. 


Fig.  3:  Effect  of  TiSi2  thickness  on 
interface  state  generation 


Fig.  4:  Effect  of  TiSi2  thickness  on 
breakdown  characteristics 


On  the  other  hand,  Raman  measurement  of  the  phonon  frequr  cy  presents 
information  on  the  deformation  of  the  lattice  perpendicular  to  the  nterface/1/ 
In  this  case  the  observed  reduction  of  the  phonon  frequency  indicates  a 
stretching  of  the  Si-Si  bonds,  corresponding  to  tensile  stress  in  this  direction. 
In  contrast  to  the  interferometric  approach  the  Raman  measurement  provides 
information  on  stresses  localized  in  relatively  small  areas.  These  are 
determined  by  the  beam  diameter,  which  in  our  case  amounted  to 
approximately  20  pm.  It  was  ascertained  by  working  with  different  beam 
intensities  that  the  observed  effects  were  not  affected  by  local  sample  heating. 
The  derivation  of  absolute  values  for  the  stress  is  somewhat  problematic  for  this 
method.  The  data  in  fig.  6  show  the  change  of  the  stress  in  the  vicinity  of  the 


Fig.  5:  Stress  at  the  Si-SiC>2  interface 
form  curvature  measurements 


Fig.  6:  Stress  in  Si  at  TiSi2  edge  from 
Raman  study 
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edge  of  a  sUicide  gate.  Also  In  this  technique  an  Increase  In  the  stress  (which  Is 
tensile  in  this  case)  for  thicker  TISI2  films  is  observed.  When  passing  the  edge 
to  the  silicide  the  stress  Increases  monotonically,  l.e.  without  passing  through  a 
peak  value.  Tills  finding  may  be  contrasted  with  reports  of  stress  concentration 
(i.e.  a  maximum  value  of  this  quantity)  at  such  topograpliical  features  /2,3/. 
However,  it  should  be  remembered  that  our  technique  presents  information  on 
the  stress  perpendicular  to  the  surface,  whereas  the  data  in  /2,3/  refer  to  the 
parallel  direction. 

From  the  data  presented  in  the  present  study  it  may  be  concluded  that 
chemical  effects  do  not  play  a  determining  role  in  the  degradation  of  the  MOS 
properties  of  silicide  gate  capacitors.  Stress  effects  alone  are  responsible  for 
these  effects. 

/ 1  /  Richter,  W.:  in  Springer  Tracts  in  modem  Physics  Vol.  78,  ed.  G.  Hohler, 
Z.A.  Niekisch,  Springer  1976 

/2/  Zekeriya,  V.,  Wong,  A.,  and  Ma,  T.-P..  Appl.  Phys.  Lett.  (1985)  80 
13/  Serebrinsky,  J.H.,  Sol.  St.  Electr.  13  (1970)  1435 
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LATCH-UP  FREE  VLSI  CMOS  CIRCUITS  CONSIDERING  POWER-ON  TRANSIENTS 


W.  RECZEK,  J.  WINNERL*  and  W.  PRIBYL 

Siemens  AG,  Components  Group,  Otto-Hahn-Rlng  6,  D-8000  Miinchen  83, 

F.R.G. 

* Siemens  AG,  Corporate  Research  and  Development,  Otto-Hahn-Rlng  6, 

D-8000  Miinchen,  F.R.G. 

R€sum£  -  Le  present  article  se  propose  de  formuler  les  conditions  d' apparition  du 
latch-15)  &  condition  de  power-<xi  et  d'en  Atablir  les  origines  physiques,  d'indiquer  les 
tendances  actuelles  permettant  de  r&luire  l'acuitd  du  problems  au  niveau  de  la 
oonoeption  des  circuits  et  de  faire  un  bilan  des  mesures  permettant  une  meilleure 
protection  des  systAmss  A  l'Sgard  de  ce  ph&icmSne. 


Abstract  -  Power-on  latch-up  is  depending  on  circuit  design  and  technology.  Hie  use  of 
an  epi layer  increases  the  latch-up  hardness  of  conventional  CMOS  (LOGIC)  while  for 
n-well  CMOS  with  VBB  generator  (DRAM)  the  latch-up  suszeptibility  is  increased  because 
of  the  capacitive  voltage  divider  in  the  periphery  and  the  high  effective  substrate 
shunt  resistance.  Therefore  protection  circuits  provide  latch-up  free  operation. 

1  -  INTRODUCTION 


The  success  of  a  CMOS  technology  in  the  micron  and  submicron  range  is  strongly  related  to 
latch-up  hardness.  So  far,  most  latch-15)  investigation  was  done  on  simple  four  layer  test 
structures,  which  gives  an  insight  in  the  physics  of  the  latch-up  effect.  For  latch-up  pre¬ 
dictions  the  circuit  environment  is  essential,  especially  for  power-on  latch-up.  The  useful¬ 
ness  of  technology  and  circuit  measures  for  latch-up  prevention  considering  power-on  are  dis¬ 
cussed. 


2  -  LATCH-UP  TEST  STRUCTURE  AND  EQUIVALENT  CIRCUIT  AT  POWER-ON 


Tiie  latch-up  test  structure  Fig.  la  is  identical  to  a  CMOS  inverter  provided  with  an  additional 
field  oxide  polysilicon  gate.  The  total  n^p*  spacing  is  6pm  (X=2Mm  and  Y=4pm) .  Each  diffusion 
of  the  test  structure  can  be  connected  separately.  Sanples  have  been  fabricated  in  a  ljrnn 
n-vrell  QOS  technology. 

Besides  the  'functional  unit'  latch-up  path,  the  environment  of  the  latch-up  path  also  has  to 


Fig. Is  tatch-up  test  structure  and  equivalent  circuit  at  power-on. 

a. )  Cross  section  of  the  test  structure. 

b. )  Equivalent  circuit  of  an  n-well  QOS  structure  (CRAM)  with  the  latch-up  sensitive 

QOS  path,  the  cell  area  with  cell  plate  generator  and  VBB  generator  111 . 
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be  considered.  Hie  conventional  two  transistor  equivalent  circuit  is  extended  by  elements  de¬ 
scribing  the  environment.  As  an  example,  Fig. lb  shows  the  equivalent  circuit  of  an  n-well  CMOS 
structure  (DRAM,  /l/)  with  the  latch-up  sensitive  CMOS  path,  the  cell  area  with  the  cell  plate 
generator  and  the  on  chip  VBB  generator. 

3  -  LATCH-UP  DURING  POWER-ON 

Fig. 3  shows  the  power-on  behaviour  of  an  n-well  CMOS  structure  with  VBB  generator.  At  the  ito- 
mant  of  power-cn  the  substrate  is  floating  because  substrate  bias  can  only  be  generated  after 
a  certain  time  delay.  With  floating  substrate  the  effective  substrate  shunt  resistance  is 
nearly  infinite.  Therefore,  the  substrate  potential  VBB  is  determined  through  a  capacitive 
voltage  divider  by  the  supply  voltage  VDD  (see  Fig. lb).  VDD  changes,  especially  the  rise  at 
power-on,  are  coupled  into  the  substrate  by  C*  (VBB-VDD)  and  buffered  by  C_  (VBB-VSS).  The 
rising  VDD  to  a  positive  peak  on  VBB.  The  level  of  this  peak  determines  whether  latch-up 
is  triggered  (Fig. 2c)  or  not  (Fig. 2b). 


Fig. 2:  Power-cn  of  an  n-well  CM3S  circuit,  a)  measurement  setup,  b)  VBB  and  VDD  without 
latch-up,  c)  VBB  and  VDD  with  latch-up . 


3.1  -  CRITICAL  CAPACITANCE  RATIO  FOR  POWER-ON  LATCH-UP 

The  necessary  rairp  rate  to  trigger  power-cn  latch-up  depends  on  the  capacitances  C-  and  C_. 
Fig. 3a  shews  the  critical  ramp  rate  (CRR)  dV/dt  vs.  C-  with  VDD  and  C_  as  parameters.  For  high 
C-  (C->lnF)  the  CRR  is  independent  of  C_  (dV/dt*C-  =  const.).  Decreasing  C-,  a  value  is 

found,  where  the  structure  is  latch-up  free  even  for  infinite  ramp  rate  RR.  decreases 

for  increasing  VDD,  because  for  a  given  RR  the  charge  built  up  by  the  displacanent  current  in¬ 
creases  with  increasing  final  VDD  level. 


Coupling  capacitance  C+  (nF)  — ►  Capacitance  ratio  C-/C+  (-)  ► 


Fig.3i  Porer-on  latch-up.  a.)  Critical  ranp  rate  RR  vs.  C-  with  parameter  VDD 
b. )  minimum  supply  voltage  VDD  with  infinite  RR  vs.  ratio  C_/C*. 
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Fig. 3b  shews  the  minimum  VDD  with  infinite  RR,  which  triggers  latch-up,  vs.  the  ratio  C_/(L. 
Using  the  ratio  C_/CL  as  a  variable,  one  single  linear  function  describes  the  overall  porer-on 
latch-up  behaviour. 

3.2  -  COMPARISON  OF  LOGIC  AND  DRAM 


the  maximum  allowable  RR  and  final  VDD  level  for  latch-up  free  pcxrer-on  of  circuits  with  VBB 
generator  is  determined  by  the  ratio  of  C_/CL.  In  the  case  of  LOGIC  circuits  a  capacitance 
ratio  (L/C_  of  1/3  results  at  power-on.  This  ratio  of  1/3  shows  to  be  near  the  safe  area. 
Additionally  it  has  to  be  mentioned  that  in  LOGIC  circuits  normally  no  VBB  generator  is  used. 
The  substrate  is  grounded  to  VSS. 

in  tne  case  ot  crams  with  ceil  plate  bias  (VDD  or  VDD/ 2)  a  typical  capacitance  ratio  CL/C_  of 
20  is  found.  CL.  is  mainly  determined  by  the  cell  plate  capacitance  (Leo.  (also  called  C-*). 

4  -  HOW  TO  AVOID  POWER-ON  LATCH-UP 


Hie  latch-up  hardness  of  circuits  can  be  inproved  by  technology  and  circuit  design  (protection 
circuits) . 

4.1  -  TECHNOLOGY 


Hie  use  of  an  epi layer  over  highly  doped  substrate  is  well  known  to  improve  the  static  latch- 
up  hardness.  With  grounded  substrate  the  critical  current  to  initiate  latch-up  is  increased  by 
orders  of  magnitude  /3/.  But  for  circuits  with  VBB  generator  (especially  DRAMs)  the  power-on 
l^tch-up  hardness  is  a  main  problem  because  of  the  increased  effective  substrate  shunt  resis¬ 
tance.  Hie  latch-up  free  regime  for  infinite  RR  in  Fig. 3b  can  not  be  improved.  For  finite  RR 
and  a  given  C_  the  critical  RR  is  even  reduced  by  a  factor  of  2  with  epi  /3/.  This  is  due  to 
the  higher  current  gain  of  the  lateral  parasitic  bipolar  transistor  in  the  epi  case.  A 
comparison  of  the  lateral  bipolar  transistor  current  gain  for  epi  and  non  epi  is  shown  in 
Fig. 4. 


Fig. 4:  Current  gain  of  the  lateral  bipolar  transistor  vs.  the  collector  current  I0  for  epi 
and  nonepi. 


4.2  -  PROTECTION  CIRCUIT 


In  CRAMs  the  main  part  of  CL  is  represented  by  Co^i.  A  protection  circuit  reduces  the  effec¬ 
tive  CL  by  disconnecting  Co*o.  from  VDD  or  the  plate  voltage  generator  during  pewar-on  (Fig. 5). 
Fig. 5b  shews  that  the  latch-up  free  regime  is  increased  for  a  pertain  ratio  C_/(L  so  that  no 
latch-up  occurs. 
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2  5  10 


Capacitance  ratio  C_/(C+  +  Cl)  (-)  — ► 


Fig.5t  Power-on  latch-up  with  and  without  protection  circuit,  a.)  Critical  RR  vs.  C*  and 
b. )  minimum  supply  voltage  VDD  with  infinite  RR  vs.  ratio  C_/CL-  . 


5  -  CONCLUSION 

Besides  the  'functional  unit'  latch-up  path,  which  is  represented  by  the  latch-up  test  struc¬ 
ture,  the  environment  of  this  path  also  has  to  be  considered.  This  is  of  special  importance 
when  the  power-on  latch-up  hardness  is  investigated.  latch-up  savety  during  power-on  can  be 
achieved  by  increasing  C_/C-  or  reducing  VDD.  For  the  case  of  a  DRAM  with  VBB  generator,  the 
capacitance  ratio  C*/C_  of  20  is  leading  to  a  high  risk  of  latch-up  during  power-on.  Epi,  a 
unique  measure  for  static  latch-up  suppression  can  even  lead  to  a  reduction  of  power-on  latch- 
up  hardness  in  circuits  with  on-chip  generated  substrate  bias.  In  this  case  it  is  necessary  to 
use  protection  circuits  to  achieve  power-on  latch-up  free  circuits. 
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Abstract  -  Spectrosopic  ellipsometry  has  been  used  to  obtain  microstructural  and  layer 
thickness  Information  from  processed  SOS  wafers  consisting  of  poly-Sl/gate  oxide/epi- 
Sl/sapphlre  structures.  Oxide  thickness  and  Interface  roughness  Increased  for  0.1  Pm 
SOS  wafers.  Poly-Si  formed  by  annealing  a-Si  deposited  layers  had  the  best  dielectric 
function  and  similar  structure  and  thicknesses  were  obtained  on  bulk  and  SOS  wafers. 

1  -  INTRODUCTION 

Processing  of  SOS  wafers  for  CMOS  devices  Involves  the  formation  of  a  thin  gate  oxide  400A) 
followed  by  deposition  of  a  doped  polycrystalline  (poly-Si)  layer  (-4000A)  for  the  gate 
contact.  Thicknesses  of  these  layers  are  usually  estimated  from  similar  layers  grown  on  bulk 
monitor  wafers.  However,  differences  may  occur  due  to  the  location  of  the  wafers  in  the 
reactor  or  because  of  different  oxidation  and  growth  rates  for  bulk  wafers.  Standard 
measurement  techniques  used  in  silicon  processing  laboratories,  eg  single-wavelength 
ellipsometry  or  interferometry,  cannot  be  used  for  SOS  multilayer  structures.  In  this  work 
we  report  the  first  use  of  spectroscopic  ellipaometry  (SE)  to  measure  directly  the  gate  oxide 
and  poly-Si  thicknesses  on  SOS  wafers.  Comparison  between  bulk  and  SOS  wafers  indicates 
differences  occurring  as  the  Si  epi-layer  thickness  is  reduced.  In  addition,  the  depth 
profiling  capability  of  SE  has  been  used  to  obtain  information  on  the  rough  surface 
overlayer,  the  degree  of  crystallinity  of  the  poly-Si  and  its  dependence  on  doping  and 
annealing  conditions. 

2  -  EXPERIMENTAL 

A  series  of  SOS  wafers  with  Si  epi-layer  thicknesses  of  0.1,  0.2,  0.3,  0.4  and  0.6  Pm  were 
thermally  oxidised  at  900°C  in  the  same  furnace  to  produce  oxide  thicknesses  in  the  range 
350-500A.  Poly-Si  gate  contacts  were  produced  on  the  oxidised  0.4  ym  SOS  wafers  using  two 
CVD  deposition  temperatures.  Deposition  at  580®C  produced  an  amorphous  Si  (a-Si)  layer  while 
deposition  at  617°C  produced  a  small  grain  size  (500-1000A)  poly-Si  layer.  These  layers  were 
subsequently  annealed  at  900°C  for  30  minutes  in  a  POCI3  atmosphere  followed  by  60  seconds  HF 
etch.  The  high  temperature  doping  step  causes  recrystallisation  of  the  a -Si  layer  and  an 
Increase  in  grain  size  of  the  poly-Si  layer,  but  the  former  has  a  more  uniform  distribution 
of  large  grains  (1000A  to  5000A)  as  assessed  by  TEM  (A  G  Cullis  et  al,  unpublished  work). 
Similar  processing  steps  were  also  performed  on  bulk  Si  wafers  for  comparison.  Spectroscopic 
ellipsometry  measurements  were  made  at  each  step,  over  the  wavelength  range  230-850  nm  with 
75*  angle  of  incidence,  using  a  commercial  S0PRA  rotatlng-polariser  instrument. 

3  -  RESULTS  AND  DISCUSSION 
(1)  Oxide  Deposition  Stage 

Single-wavelength  ellipsometry  or  Nanospec  interferometry  as  normally  employed  at  1  -  633  nm 
(He-Ne  laser)  cannot  be  used  to  measure  the  thickness  of  gate  oxides  on  SOS,  since  the  light 
penetration  depth  is  greater  than  the  epi-layer  thickness  (d).  The  wavelength-scanning 
facility  of  SE  allows  a  wavelength  region  to  be  chosen  where  the  penetration  depth  is  less 
than  d.  For  X  "  230-400  nm  the  light  only  penetrates  a  few  hundred  A  into  the  underlying  Si 
layer.  This  region  has  been  used  to  make  a  direct  comparison  of  oxides  grown  in  the  same 
furnace  on  bulk  and  SOS  wafers.  In  addition  to  the  oxide  thickness,  the  theoretical  fits  to 
the  spectra  can  be  used  to  obtain  an  estimate  of  any  non-stoichlometrlc  or  rough  Interface 


C4-56 


JOURNAL  DE  PHYSIQUE 


layer  (eg  S10x). 

Typical  raw  spectra  are  shown  In  Figure  1  which  compares  results  from  oxidised  bulk  and 
0.1  ij&  SOS  wafers,  together  with  fitted  curves.  At  about  X  -  0.38 v  m  the  beginning  of 
Interference  fringes  can  be  seen  as  the  light  penetrates  through  to  the  sapphire  substrate. 
The  peaks  in  tan  and  cos  A  are  clearly  shifted  to  longer  wavelengths  for  the  SOS  wafer, 
providing  an  immediate  visual  indication  of  increased  oxide  thickness.  In  addition,  the  fits 
indicate  a  much  higher  Interface  thickness  (modelled  as  S10,  a  physical  mixture  of  1:1 
c-Si:S102)  for  the  0.1  pm  SOS  wafer.  The  variation  of  S102  and  interface  thickness  with  SOS 
epl-layer  thickness  is  shown  in  Figure  2.  For  d  >  0.2  pm  the  total  oxide  thickness  is  the 
same  for  bulk  and  SOS  wafers,  although  the  interface  is  a  higher  proportion  of  the  total 
thickness  in  the  SOS  case.  The  SiO  interface  observed  here  is  presumably  due  to 
microroughness  at  the  initial  growth  interface  and  the  thicker  interface  for  SOS  compared  to 
bulk  wafers  probably  reflects  the  rougher  initial  surface  of  SOS  / 1 /.  However,  for  d 
<  0.2  urn,  both  the  S102  and  interface  thicknesses  increase,  with  a  dramatic  increase  for 
0.1  pm  SOS.  For  this  epi  thickness,  the  total  thickness  has  increased  by  -  6%  with  the 
interface  roughness  almost  doubled.  The  increased  oxide  thickness  might  be  expected  due  to 
the  greater  density  of  (221)  microtwin  defects  occurring  within  -  0.1  pm  of  the  sapphire 
interface  / 2/.  Any  deviations  of  orientation  from  <100>,  the  slowest  oxidation  plane,  would 
result  in  enhanced  oxidation  rates  and  the  high  density  of  microtwins  may  also  produce  a 
rougher  surface  and  hence  a  thicker  interface  layer  when  oxidised. 


Fig  1  -  Tan  <p  ,  cos  A  spectra  for  oxidised  bulk  ( - )  and  0.1pm  SOS  wafers  ( - ). 

Fitted  curves:-  447A  Si02/7A  SiO/c-Si  ( - );  456A  Si02/28A  SiO/c-Si  ( - ). 


Fig  2  -  S102  (•)  and  SiO  (o)  interface  layer  thicknesses  for  oxidised  SOS  wafers  with  various 
epi-layer  thicknesses.  Error  bars  indicate  standard  deviation  of  cross-wafer  variation. 
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(11)  Poly-Si  Deposition  and  Annealing  Stage 

SB  measurements  In  the  short  wavelength  region  for  the  poly-Si  deposited  wafers  can  be  used 
to  obtain  Information  on  the  microscopically  rough  surface  overlayer  and  the  crystallinity  of 
the  poly-Si.  The  dielectric  function  thus  calculated  for  the  poly-Si  is  then  used  for  the 
complete  spectrum  to  obtain  thicknesses  of  the  multi-layer  structure,  le  the  poly-Si  and  gate 
oxide  as  well  as  the  Si  epi-layer  thickness.  Figure  3  shows  pseudo-dielectric  function, 

<e>  “  <£,.>  +  i<e^>,  spectra  for  poly-Si  layers  produced  on  oxidised  0.4  p  m  SOS  wafers. 
Identical  results  were  obtained  on  the  bulk  Si  comparison  wafers.  This  series  of  curves 
provides  a  visual  indication  of  the  change  in  poly-Si  structure  as  a  function  of  deposition 
and  annealing  conditions.  The  best,  ie  highest  magnitude  <e  i  >,  result  is  obtained  for  the 
annealed  layer  deposited  in  amorphous  form  at  580®C.  This  spectrum  agrees  well  with  that  for 
a  c-Si  sample  with  25A  native  oxide  except  in  the  0.36  p  m  region,  where  effects  of  the  high  P 
doping  will  be  important.  The  580°C  deposited  layer  is  clearly  amorphous  since  no  structure 
is  observed  at  0.295  or  0.36  ym,  while  the  617’C  layer  is  small-grained  poly-Si  (a 
combination  of  a -Si,  c-Si  and  voids)  in  agreement  with  TEM  results.  The  <e*>  values  for  this 
layer  after  annealing  are  improved  but  are  not  as  good  as  the  annealed  580®C  layer, 
indicating  a  higher  concentration  of  voids  and/or  a  rougher  surface.  This  sequence  of  poly- 
Si  quality  as  a  function  of  deposition  and  annealing  conditions  is  in  good  agreement  with  TEM 
results  and  confirms  the  data  obtained  previously  by  Harbeke  et  al  /2 /.  Detailed  fits  to  the 
spectra  indicate  402  c-Si,  402  a-Si,  202  voids  for  the  617*C  as-deposited  poly-Si  layer, 
improving  to  872  c-Si,  62  a -Si,  72  voids  on  annealing.  However  this  compares  with  982  c-Si, 
12  a  -Si  and  12  voids  for  the  annealed  580°C  layer  (see  Fig  4),  confirming  that  the  lower 
temperature  deposition  produces  a  better  quality  layer  on  annealing. 

The  spectra  for  the  poly-Si  layers  deposited  on  oxidised  bulk  wafers  have  been  analysed  in 
detail  for  layer  thicknesses  for  comparison  with  Nanospec  results.  Figure  4  shows  the  result 
for  an  annealed  580°C  layer  and  the  quality  of  fit  can  be  seen  to  be  very  good.  The  poly-Si 
layer  thicknesses  agreed  with  Nanospec  readings  within  +102.  Best  agreement  (within  42)  was 
obtained  for  the  layer  with  poly-Si  optical  constants  closest  to  c-Si.  However  for  the  other 
layers  the  Nanospec  appears  to  underestimate  the  thickness  when  voids  are  present  and  over¬ 
estimate  when  a -Si  is  present.  This  would  be  expected  due  to  the  assumption  of  a  constant 
refractive  index  by  the  Nanospec  analysis  program,  and  indicates  that  inaccurate  results  will 
be  obtained  if  the  poly-Si  structure  is  variable  or  significantly  different  to  c-Si. 

Individual  layer  thicknesses  can  also  be  obtained  from  the  SOS  multi-layer  structures. 

Figure  5  shows  a  spectrum  in  the  region  beyond  0.4  pm  where  the  light  penetrates  the  complete 
structure.  Fits  to  the  spectra  give  poly-Si  and  epi-Si  layer  thicknesses  with  902  confidence 
limits  -  52.  Thicknesses  of  poly-Si  layers  produced  under  the  same  conditions  on  bulk  and  SOS 
wafers  agreed  within  -80A.  The  Si  epi-layer  thickness  of  SOS  wafers  was  found  to  vary 
considerably  but  was  within  the  specified  tolerance  of  +102  when  allowance  was  made  for  the 
material  converted  to  oxide.  The  two  theoretical  curves  in  Figure  5  show  the  sensitivity  to 
the  gate  oxide  thickness.  This  mainly  affects  the  peaks  at  0.47  and  0.62  pm  and  can  be 
determined  with  a  902  confidence  limit  of  +202.  To  determine  this  thickenss,  measurements 
must  be  made  at  the  75®  angle  of  incidence  used  here,  since  the  0.62  pm  peak  does  not  occur 
at  other  angles. 

4  -  CONCLUSIONS 

Spectroscopic  elllpsometry  has  been  used  to  obtain  microstructural  and  thickness  information 
non-destructively  from  processed  SOS  wafers  which  cannot  be  obtained  by  standard  methods. 

Thus  the  technique  has  potential  as  an  on-line  process  monitor. 
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Fig  3  -  <e>  spectra  for  poly-Si  layers  deposited  on  oxidised  SOS  wafers  (580“C:  as-deposited 

'  *  '  annealed  ( - );  617°C:  as-deposited  ( - ),  annealed  (- - );  c-Si  +  25A 

Si02  ( - );  -Si  ( . )) 
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Fig  4  -  Tan  \p,  cos  A  spectra  for  poly-Si  layer  deposited  on  oxidised  bulk  wafer  ( - , 

experiment;  - ,  -  -  -  -  theoretical:-  82A  overlayer  with  11X 

voids,  3450A  poly-Si  (98Z  c-Si,  1%  a-Si,  1Z  void),  538A  Si02,  c-Si). 


Fig  5  -  Tan  ip,  cos  A  spectra  for  poly-Si  layer  deposited  on  oxidised  SOS  wafer  (experiment 

^UrV68  U8lng  300A  ( - >•  400A  ( - >  oxide  laV”  with  4120A  poly-Si 

and  3420A  c-Si  epl-layer  on  sapphire  substrate). 


JOURNAL  DE  PHYSIQUE 

Coiloque  C4,  supplement  au  n'9.  Tome  49,  septembre  1988 


C4-59 


OSIRIS  II,  A  TWO-DIMENSIONAL  PROCESS  SIMULATOR  FOR  SIMOX  STRUCTURES 


I.  SWEID,  N,  GUILLEMOT  and  G.  KAMARINOS 


INPG/ENSERG,  Laboratolre  de  Physique  des  Composants  A  Semiconducteurs , 
CNRS-VR  840,  23,  Rv.  des  Martyrs,  F-38031  Grenoble  Cedex,  France 


Resume  -  La  simulation  des  processus  technologiques  est  tres  importante  pour  la  fabri- 
cation  des  circuits  integres.  Dans  cet  article,  les  auteurs  presentent  OSIRIS  II  simu- 
lateur  technologique  sur  SIMOX.  Le  programme  prend  en  compte  les  conditions  limites 
propres  a  cette  structure.  Les  modeles  utilises  sont  brievement  rappeles.  Un  exemple 
de  realisation  d'un  dispositif  N-MOS  sur  SIMOX  est  simule  par  le  programme. 


Abastract  -  The  simulation  of  technological  processes  is  very  important  for  the  fabri¬ 
cation  of  integrated  circuits.  In  this  paper,  the  authors  present  OSIRIS  II  for  the 
simulation  on  SIMOX  structures.  The  program  takes  into  account  the  limiting  conditions 
associated  with  this  material.  The  models  used  are  briefly  recalled.  Finally,  a  conplete 
simulation  of  an  N-MOS  device  on  SIMOX  is  presented. 


1  -  INTRODUCTION 

Although  many  two-dimensional  process  simulator  for  bulk  silicon  do  actually  exist,  they  are 
not  general  enough  to  be  able  to  simulate  these  process  on  Silicon-On-Insulator  (SOI)  struc¬ 
tures.  In  this  paper,  we  present  OSIRIS  II,  a  simulator  for  SIMOX  (Separation  by  IKplanted 
Oxygen)  structure  [1];  it  allows  the  complete  simulation  of  device  fabrication  and  includes 
the  following  steps  : 

-  resist  deposition  or  removing, 

-  oxide  and  nitride  deposition  or  etching, 

ion- implantation  of  boron,  BF2,  arsenic,  phosphorus  and  antimony, 

-  growth  of  thin  oxides  and  growth  of  the  field  oxide  in  the  case  of  a  LOCOS  isolation, 
diffusion  of  impurities  in  an  inert  or  oxidizing  ambient. 

2  -  ION -IMPLANTATION 

In  order  to  simulate  ion-implantation  in  silicon  with  a  mask,  we  used  the  conventional  con¬ 
volution  of  a  vertical  distribution  with  a  Gaussian  lateral  function.  The  vertical  function 
depends  on  the  impurity  implanted  :  two  joint  half-Gaussian ' s  for  arsenic,  phosphorus  and 
antimony,  and  a  Gaussian  or  a  Pearson  IV  f vtn c t ion  for  boron  and  BF2  channeling  is  taken  into 
account  with  an  exponential  tail. 

The  edge  of  the  masking  layer  (oxide,  resist  ...)  can  be  of  arbitrary  shape  :  the  mask  is 
then  considered  as  an  equivalent  silicon  layer  and  the  resulting  profile  is  obtained  nume¬ 
rically. 

3  -  OXIDE  GROWTH 

To  simulate  the  one-dimensional  oxide  growth,  the  very  well-known  Deal  and  Grove  model  is  used, 
where  the  influence  of  the  ambient  (dry  or  steam),  temperature,  pressure  and  chlorine  percen¬ 
tage  are  included  in  the  linear  and  parabolic  parameters.  The  thin  oxide  regime  is  simulated 
precisely  with  the  model  developed  by  Fargeix  et  al.  [2]. 

In  the  case  of  LOCOS  isolation,  the  field  oxide  growth  is  simulated  by  the  analytical  model 
proposed  by  N.  Guillemot  et  al.  for  bulk  silicon  [A3 .  When  the  field  oxide  rejoins  the  buried 
oxide  it  is  assumed  that  the  buried  oxide  acts  as  a  thermal  oxide,  and  its  growth  follows  the 
Deal  and  Grove  model. 


4  -  DIFFUSION  OF  IMPURITIES 

The  simulation  of  impurity  redistribution  during  thermal  annealing  (inert  or  oxidizing) 
involved  the  resolution  of  the  diffusion  equation  in  a  domain  which  is  variable  in  time; 
it  is  rectangular  at  first  and  gradually  becomes  triangular  at  the  end  of  the  process  (Fig.l). 
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To  avoid  numerical  problems,  a  "mixed"  solution  is  used  : 

-  In  the  isolation  region  (region  X),  where  the  impurity  concentration  is  low,  the  diffusion 
equation  is  solved  analytically  [4,5].  -  In  the  source/drain  and  channel  regions  (region  II) 
the  diffusion  equation  is  non-iinear  :  electric  field  drift,  concentration  dependence  and  im¬ 
purity  clustering  must  all  be  taken  into  account.  A  numerical  solutions  is  thus  used  :  the 
physical  domain  is  mapped  into  a  fixed-time  and  invariant  rectangular  domain  by  means  of  coor¬ 
dinate  transformation.  Then,  the  so-obtained  differential  equations  are  discretized  with  the 
classical  method  of  finite-differences  and  a  Crank-Nicolson  scheme.  The  solution  is  obtained 
using  the  Gauss-Seidel  method  [6] . 

"Natural"  boundary  conditions  are  applied  between  the  analytical  and  the  numerical  regions 
(the  concentration  obtained  both  analytical  and  numerically  must  be  the  same). 

As  studies  on  impurity  diffusion  in  SIMOX  structures  are  still  not  fully  completed  [4] ,  dif¬ 
fusion  models  in  OSIRIS  II  are  the  same  as  those  used  for  bulk  silicon  in  the  one-dimensional 
program,  SUPREM  III. 


Flg.l  -  Fig.l  -  Geometries  of  silicon  domain  fl  when  a  mixed  solution  is 

used  to  solve  the  diffusion  equation. 


5  -  SIMULATION  OF  A  MOS  DEVICE  ON  A  SIMOX  STRUCTURE 

As  a  conclusion,  OSIRIS  II  is  used  to  simulate  the  processing  sequence  for  a  MOS  device  in 
Fig. 2.  The  process  schedule  is  the  following  : 

-  Field  implant  with  boron  (lOOkev,  10 13  cm'3). 

-  Field  oxidation  (270mn  in  steam  ambient  at  1000°C). 

-  Etching  of  0.05pm  of  oxide. 

-  Dry  oxidation  (lOOmn,  950°C,  dry,  3Z  HCL). 

-  Implantation  of  boron  (1013  cm'3,  30Kev)  thus  adjusting  the  threshold  voltage. 

-  Implantation  of  source  and  drain  with  arsenic  (10 15  cm'3,  120Kev). 

-  Aneal  process  (950°C,  30ran). 

The  surface  topographies  and  corresponding  equidensity  contours  for  impurity  concentrations 
at  the  end  of  the  process  are  given  in  figure  2. 


I  III  ill 
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Fig.  2(c)  -  Eauidensitv  contours  after  the  implantation  or  Doron  (1012cm~2,  30Kev)  in  the 
channel  region  ana  arsenic  (10*5cm~‘,  120Kev)  in  the  source/drain  region. 


Fig.  2(d)  -  Equidensity  contours  of  the  net  concentration  after  activation  annealing  (950"C, 
30mn) . 
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Abstract  -  The  influence  of  interface  charges  on  the  properties  of  Si-Si  and  Si-SiC>2  interfaces 
prepared  by  direct  bonding  has  been  investigated.  Surface  potentials  of  N-N  and  P-P  interfaces 
and  recombination  currents  in  P-N  junctions  depend  on  surface  and  heat  treatments.  In  both  cases 
lower  magnitudes  were  measured  in  samples  pre-treated  in  HF  compared  to  samples  pre-treated 
in  HNO3.  Bonded  Si-SiOj  interfaces  with  interface  state  densities  of  about  101 1  cm-2  eV"  and 
low  flatband  voltages  have  been  achieved. 


1  -  INTRODUCTION 

The  technique  of  directly  bonding  surfaces  of  materials  together  included  in  the  silicon  technology  [1,2]  has 
given  rise  to  new  possibilities  for  device  geometries.  Interfaces  obtained  by  this  kind  of  preparation  have 
been  included  in  novel  insulating  structures  [2,3,4]  and  in  discrete  power  devices  [5,6].  In  the  works 
performed  up  to  this  date,  the  main  efforts  have  been  to  demonstrate  the  mechanical  properties  of  these 
interfaces,  while  the  electronic  behavior  has  been  investigated  only  to  limited  extent.  An  interesting  question, 
therefore,  is  whether  this  technique  can  be  used  in  cases  where  device  data  critically  depend  on  the  electronic 
interface  properties.  The  presence  of  interface  charges  accompanied  by  potential  barriers  and  charge  carrier 
recombination  is  the  main  factor  limiting  this  possibility.  In  this  work  we  have  investigated  the  electronic 
properties  of  interfaces  prepared  by  direct  bonding  of  silicon  wafer  surfaces  of  both  N-  and  P-type  including 
materials  with  different  bulk  resistivities.  Interfaces  of  the  combinations  N-N,  P-P  and  P-N  have  been 
studied  together  with  the  bonded  interface  of  the  important  combination  Si02-Si. 

2  -  SAMPLE  PREPARATION 

Polished  silicon  wafers  with  flatness  and  warp  similar  to  that  of  wafers  used  in  integrated  circuit  production 
were  cleaned  by  standard  procedure  in  hot  H2O2-NH3  and  H2O2-HCI  solutions.  This  was  followed  by  a 
treatment  in  HNO3  or  2%  HFif^O,  water  rinse  and  drying.  TTie  polished  surfaces  of  wafer  pairs  were 
brought  together  using  vacuum  in  a  specially  designed  fixture.  After  releasing  from  the  fixture,  the  wafers 
held  together  by  adhesion  forces,  were  loaded  into  an  annealing  furnace  at  room  temperature.  The  furnace 
temperature  was  slowly  ramped  to  the  region  1000  -  1 100  °C,  where  the  samples  were  annealed  for  1-2 
hours,  in  an  atmosphere  of  oxygen  or  nitrogen. 

3  -  EXPERIMENTAL  RESULTS 

Impurities  and  crystalline  defects  present  at  the  bonded  interface  are  expected  to  create  charges  and  potential 
barriers.  A  charge  Q  at  an  interface  between  two  semiconductors  with  a  shallow  doping  concentration  N 
creates  an  interface  potential  V-  Q2/  N.  This  means  that  the  sensitivity  to  interface  charges  is  less 
pronounced  at  higher  doping  levels.  For  resistivities  higher  than  about  1  fiem,  interface  charge  densities 
higher  than  about  10"  cm-2  are  expected  to  cause  considerable  energy  barriers  (S.  Bengtsson  and  O. 
Engstrom,  unpublished).  Further,  small  lateral  variations  in  interface  charge  may  cause  considerable  lateral 
variations  in  potential. 
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3. 1  N-N  AND  P-P  INTERFACES 

Using  spreading  resistance  measurements  across  an  N-N  interface  lapped  to  a  small  angel  for  10  ficm  silicon 
an  interface  potential  barrier  was  found.  The  result,  shown  in  fig.  1,  exhibit  a  clear  peak  in  spreading 
resistance  due  to  the  interface  potential  barrier. 
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Fig.  1  -  Spreading  resistance  measured  across  a  bonded  N-N-interface  prepared  of  two  10  Qcm  silicon' 
wafers  and  with  HNO3  used  as  prebond  treatment. 

The  lateral  distribution  of  the  interface  potential  was  investigated  by  scanning  the  wafer  surface  with  a  He-Ne 
laser  beam  and  the  photocurrent  at  the  interface  was  measured  as  a  function  of  the  position  of  the  laser  spot 
[7].  No  bias  was  applied  during  the  measurement.  The  variation  in  photocurrent,  displayed  in  fig.  2 
demonstrates  the  lateral  variations  in  interface  potential.  The  influence  of  surface  effects  was  negligible,  as 
found  from  measurements  after  repeated  surface  treatments.  This  variation  in  interface  potential  gives  current- 
voltage  characteristics  with  a  much  smaller  curvature  than  expected  from  a  structure  with  a  simple  energy 
barrier. 


Fie.  2  -  The  lateral  variation  of  photocurrent  of  a  bonded  N-N-interface. 

The  differential  resistance  at  low  voltage  was  used  to  estimate  the  influence  of  different  surface  and  heat 
treatments  on  the  interface  charge.  Fig.  3  displays  the  differential  resistances  before  and  after  a  post-bonding 
anneal  at  1000  °C  during  about  90  minutes  for  two  different  pre-bond  treatments  and  for  different  silicon 
resistivities.  For  samples  with  low  resistivities,  a  considerable  decrease  in  differential  resistance  after  the  heat 
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treatment  indicates  a  decreasing  interface  charge  for  the  samples  pre-treated  in  HNO3.  The  samples  pre¬ 
treated  in  HF  exhibit  a  considerably  smaller  potential  barrier,  already  after  the  wafer  bonding  procedure,  and 
it  was  not  necessary  to  give  these  samples  a  post-bonding  anneal.  These  results  shows  that  the  native  oxide 
layer  present  on  silicon  surfaces  after  treatment  in  HNO3  is  important  in  the  generation  of  defects  influencing 
the  interface  resistance. 


Silicon  resistivity  (ohmcm) 


Fig.  3  -  Differential  resistance  at  low  voltage  for  some  samples  with  bonded  N-N-interface  as  a  function  of 
silicon  resistivity  for  different  surface  and  heat  treatments. 

3.2  P-N  INTERFACES 

PN-junctions  were  prepared  by  bonding  low  ohmic  P+-type  wafers  of  resistivities  <0,1  Qcm  to  N-type 
wafers  of  1-5  f2cm  resistivity.  Current  voltage  characteristics  in  the  forward  direction  are  shown  in  fig.  4  foT 
two  samples  with  surface  treatment  before  bonding  using  HF  and  HNO3  respectively.  The  n-factors  in  the 
expression  I=Ioexp(qV/nkT)  were  found  to  be  in  the  region  of  1,5  -  7,  with  the  lowest  values  for  samples 
treated  in  HF.  This  reflects  a  higher  recombination  current  in  samples  treated  in  HNO3,  again  indicating  that 
surface  treatment  in  HF  before  bonding  of  two  silicon  surfaces  gives  a  lower  density  of  electron  states  at  the 
bonded  interface  than  does  a  corresponding  treatment  irsHNC^.  Breakdown  voltages  in  the  reverse  direction 
of  about  75  V  were  found  for  bonded  P^N- interfaces  using  2-3  flcm  N-type  wafers. 

IF 

<  A) 


Fie.  4  -  Current  voltage  characteristics  of  two  bonded  P^N-junctions  treated  in  HF  and  HNO3,  respectively, 
before  wafer  bonding. 

3.3  MOS-STRUCTURES 

MOS-structures  were  prepared  by  bonding  a  thermally  oxidized  silicon  wafer  to  a  bare  silicon  wafer.  After 
this,  the  bulk  silicon  of  the  oxidized  wafer  was  etched  off  using  a  selective  silicon  etch,  leaving  a 
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silicondioxide-silicon  structure  with  a  bonded  interface.  Aluminium  contacts  were  evaporated  onto  both  sides 
of  the  structure  to  make  MOS-capacitors  and  the  interface  properties  were  characterised  using  CV -technique. 
Usually  low  flatband  voltages  and  low  midgap  interface  state  densities  at  and  above  101 1  cm*2  eV*1  were 
found.  Fig.  5  shows  measured  CV-curves  and  calculated  interface  state  density  for  a  MOS-capacitor  with 
bonded  interface.  Reference  capacitors  with  thermally  grown  interfaces  oxidized  in  the  same  furnace  as  the 
wafers  used  in  the  bonding  procedure,  had  interface  state  densities  in  the  range  101®  to  101 1  cm*2  eV*1- 


C  vs  Vg  LFHF  Interface  State  Density 

V.t.rS-  -tea  To«-ISS9.e  N.-l .B0C-I2  W-3.SSC+I5 


a)  b) 

Fig.  5  -  a)  HF  and  LF  CV-curves  for  a  MOS-capacitor  with  bonded  Si02-Si  interface, 
b)  Interface  state  density  obtained  from  the  curves  in  a). 

4 -DISCUSSION 

For  N-N  and  P-P  interfaces  the  interface  charges  were  reduced  by  heat  treatment  or  by  using  HF  as  surface 
treatment  before  wafer  bonding.  In  fact,  the  lower  differential  resistances  obtained  after  these  treatments  were 
of  the  same  magnitudes  as  the  contact  resistances  of  the  samples.  Estimations  of  the  interface  charges  based 
on  these  results  give  concentrations  in  the  region  below  101 1  cm*2.  In  a  recently  published  work  [1],  low 
interface  potential  barriers  were  found  for  bonded  P-P  interfaces  of  samples  with  bulk  resistivities  of  0,004 
Qcm.  However,  for  such  low  resistivities  only  interface  charges  of  about  1013  cm*2  are  expected  to  give  a 
measurable  interface  barrier.  It  was  also  possible  to  obtain  P+N-junctions  with  low  recombination  currents. 
For  P+N-junctions  prepared  by  direct  bonding  technique,  the  P^-region  may  be  expected  to  diffuse  into  the 
N-region,  creating  a  P+N-juncdon  at  a  certain  distance  from  the  mechanical  interface.  As  seen  from  fig.  4, 
this  interface  still  has  a  certain  influence  on  the  properties  of  the  PN-junction,  but  can  be  controlled  by  the 
chemical  surface  treatment  before  bonding.  Finally,  we  have  shown  that  Si02-Si  interfaces  can  be  prepared 
with  low  interface  state  densities  and  low  flatband  voltages.  This  demonstrates  that  silicon  interfaces  obtained 
by  direct  bonding  can  be  utilized  in  cases  where  the  electronic  properties  are  crucial  for  the  behaviour  of  a 
device. 
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Rdsumd  -  Des  moddlisations  analytiques  et  numdriques  de  la  capacity  nidtal-oxyde-semiconducteur  sont 
proposdes  pour  les  substrats  sur  isolant  comportant  un  film  flottant.  Le  traitement  thdorique  repose  sur 
des  considerations  physiques  et  met  en  evidence  1'influence  de  la  distribution  des  diverses  charges  & 
l’interieur  de  la  structure  globale.  Les  caracteristiques  capacite-tension  sont  directement  interpretables  4 
partir  des  mdcanismes  physiques  internes  du  dispositif. 


Abstract  -  The  present  paper  deals  with  the  analytical  and  numerical  study  of  MOS  capacitors  on  SOI 
substrates.  The  major  concern  is  the  theoretical  treatment  of  such  devices  with  floating  substrate. 
Special  care  has  been  taken  to  keep  the  mathematical  modeling  consistent  with  physical  considerations. 
The  importance  and  the  role  of  the  underlying  silicon  substrate  have  been  highlighted.  The  different 
operating  conditions  of  the  capacitance-voltage  characteristic  have  been  interpreted  in  terms  of  device 
intrinsic  physical  mechanisms. 


1  -  INTRODUCTION 

Owing  to  its  simplicity  of  fabrication  and  analysis,  the  MOS  capacitor  is  now  intensively  used  for  the  control  and 
the  study  of  the  electrical  properties  of  MOS  circuits  integrated  in  the  bulk.On  the  contrary,  in  SOi  technology, 
alternative  techniques  to  standard  C(V)  measurements  have  been  proposed  for  characterizing  the  MOS  system  [1,2]. 
However,  the  structures  that  are  considered  in  these  experiments  are  3  or  4  terminals  devices,  allowing  to  get  rid  of 
problems  related  to  the  floating  substrate.  Unfortunately,  the  need  for  minimizing  parasitic  capacitance  effects 
(w.r.t.  pure  capacitance  measurements)  results  in  an  increased  complexity  in  the  method  for  extracting  the  material 
parameters.  Our  purpose,  guided  by  physical  reasoning,  is  to  propose  accurate  analytical  and  numerical  modelings 
of  the  two-terminal  MOS/SOI  capacitor  (Fig.  1).  We  will  show  that  the  capacitance  characteristic  is  somewhat 
different  from  that  of  the  classical  bulk  MOS  capacitor.  The  discrepancies  will  be  explained  from  the  charges 
distribution  within  the  whole  structure.  The  influence  of  several  technological  and  electrical  parameters  will  be 
discussed. 

The  study  is  based  on  the  one-dimensional  solution  of  the  Poisson  equation.  Since  no  current  flows  through  the 
capacitor,  the  Fermi  potentials  are  constant  but  different  in  the  film  and  in  the  substrate.  This  implicitly  assumes  that  a 
gradient  of  the  Fermi  potential  exists  within  the  buried  oxide.  Nevertheless,  since  the  carriers  densities  vanish  in  the 
insulator,  there  is  no  current  in  the  oxide.  However,  the  Fermi  potential  in  the  SOI  film  can  not  be  a  priori  known 
since  there  is  no  physical  contact  on  the  latter.  Moreover,  owing  to  the  fact  that  the  film  is  sandwiched  between  two 
insulators,  carriers  are  impedded  from  leaving  the  film.  These  physical  considerations  lead  to  state  that,  whatever  the 
voltage  applied  to  the  gate,  the  overall  charge  in  the  floating  SOI  layer  remains  constant  and  equal  to  the  charge  stored 
in  the  film  at  equilibrium.  This  constant  charge  depends  on  the  doping  profile,  the  interface  charges  and  the 
geometrical  characteristics  of  the  structure.  This  is  to  say  that,  for  any  gate  voltage,  any  variational  charge  appearing 
underneath  the  front  gate  must  be  compensated  by  an  other  charge  (of  opposite  sign)  above  the  back  interface  so  as  to 
keep  constant  the  integrated  space  charge  density  in  the  film.The  low-frequency  capacitance-voltage  characteristic  is 
then  easily  derived  by  calculating  the  variation  of  the  potential  drop  across  the  gate  oxide  with  respect  to  the  gate 
voltage. 
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Fig.  1  -  The  MOS  capacitor  on  SOI  substrate 


2  -  MODELING 


2.1.  Analytical  modeling 

The  analytical  model  is  limited  to  fixed  oxide  charges  and  uniform  doping  levels.  An  analytical  model  for  an  ideal  SOI 
MOS  capacitor  (zero  interface  charges,  zero  work  function  differences)  has  recently  been  published  [3].  It  points  out 
that,  in  contradiction  with  classical  approximations  [4],  the  SOI  MOS  capacitor  analysis  requires  to  take  into  account 
the  non  zero  width  of  the  accumulation  layer  in  the  SOI  film  as  well  as  the  space  charge  region  in  the  underlying  non 
metallic  silicon  substrate. 

Our  model  has  now  been  extended  to  non  zero  interface  charges  and  work  function  differences. 

In  order  to  solve  the  one-dimensional  Poisson  equation  in  the  SOI  film,  we  need  an  additional  boundary  condition, 
which  depends  on  the  following  situations  : 

-  as  long  as  front  and  back  space  charge  regions  are  not  in  interaction,  we  assume  that  they  are  separated  by  a  quasi¬ 
neutral  region 

-  when  they  interact,  the  sum  of  the  widths  of  the  front  and  back  space  charge  regions  is  a  constant  equal  to  the  film 
thickness;  in  that  case,  we  have  to  approximate  the  different  space  charge  region  widths[5)  and  these  constitute  the 
single  analytical  approximations. 

Finally,  the  analytical  model  consists  in  a  set  of  nonlinear  equations  which  can  be  solved  using  a  classical  iterative 
method. 

2.2.  Numerical  modeling 

Numerical  modeling  takes  all  the  capacitor  characteristics  into  account :  film  thicknesses,  nonuniform  impurities 
concentrations,  fixed  oxide  charges  and  fast  interface  states  densities.The  strategy  relies  on  a  two-step  procedure  [6]. 
In  a  first  phase,  the  structure  under  equilibrium  conditions  is  simulated  in  order  to  determine  the  integrated  charge  in 
the  SOI  film.  Then,  for  other  gate  biases,  the  Poisson  equation  is  solved  at  each  node  of  the  discretization  grid.  The 
related  set  of  equations  is  to  be  augmented  with  an  integral  conservation  constraint,  allowing  to  determine  the 
unknown  Fermi  potential.  This  additional  relationship  requires  that  the  overall  variational  charge  must  vanish  in  the 
floating  substrate  for  any  gate  voltage.  The  latter  entails  a  reasonable  increase  in  the  system  matrix  complexity, 
provided  that  the  equations  are  reordered.  The  resulting  system  of  equations  is  easily  solved  using  a  gaussian 
elimination. 


3  -  RESULTS 

The  first  structure  that  has  been  investigated  includes  interface  states  densities  at  the  three  silicon  dioxide/silicon 
interfaces.  The  impurities  concentration  in  the  film  is  one  order  of  magnitude  higher  than  in  the  substrate.  The  C(V) 
curve  is  quite  dissimilar  to  the  typical  characteristics  exhibited  by  classical  bulk  capacitors  (Fig.  2). 
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Fig.  2  -  Capacitance- Voltage  curve  (NA.film^O1^  cm' 3,  su^s=10^  cm'3) 

(Nss’pS.lOiO.Nss^lO1 1  and  Nsss=5.1010  cm'2) 
^ftlm=2500  A) 


This  is  due  to  the  various  charges  appearing  in  the  structure.  The  basic  keypoint  lies  in  the  fact  that  the  different 
interfaces  reach  accumulation,  depletion  and  inversion  for  different  gate  voltages.  In  Table  1  are  listed  the  charges 
controlled  by  the  three  interfaces  for  different  operating  conditions  of  the  capacitor  as  referred  in  Fig.  2 
(a=accumulation,  d=depletion,  w.i.=weak  inversion,  i=inversion). 


Case 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Front  interface 

a 

a 

d 

d 

w.i. 

w.i. 

w.i. 

i 

i 

i 

Back  interface 

i 

i 

i 

i 

i 

i 

i 

w.i. 

a 

a 

Substrate 

a 

a 

a 

d 

w.i. 

i 

i 

i 

i 

i 

Table  1  -  Modes  of  operation  of  the  MOS/SOI  capacitor 


The  charge  in  the  substrate  depends  on  the  gate  voltage  in  the  same  manner  as  in  the  classical  capacitor .  However, 
charges  in  the  SOI  film  may  interact  or  not,  depending  on  the  film  thickness,  the  doping  level  and  the  interface 
charges  densities.  Under  non  equilibrium  conditions,  it  can  be  observed  that  the  overall  variational  charge  in  the 
floating  film  is  zero.  This  is  responsible  for  the  modulation  ot  the  electrical  potential  at  both  front  and  back  interfaces. 
Fig.  3  shows  the  influence  of  the  substrate  doping  level  on  the  capacitance.  For  substrate  doping  levels  lower  than  the 
SOI  film  doping  level,  the  capacitance  depends  on  the  substrate  behaviour  only  over  a  small  range  of  voltages  around 
the  minimum  value.  When  the  impurities  concentration  increases,  the  influence  of  the  charge  stored  in  the  underlying 
substrate  tends  to  modulate  the  C(V)  curve  over  a  wider  gate  voltage  range.  This  explains  why  the  silicon  substrate 
must  be  included  in  the  model  instead  of  replacing  it  by  a  metallic  gate. 
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Can  voftaQa  (Vote) 


Fig.  3  -  Capacitance- Voltage  curve  ( cm'^  tf,]rri=2500  A  ) 

(NSsp5.10^0,Nssb=10^  1  and  Nsss=5.1010  cur2) 


4  -  CONCLUSION 

A  consistent  theoretical  treatment  of  MOS  capacitor  on  SOI  substrate  has  been  proposed.  We  have  shown  that,  under 
non  equilibrium  conditions,  the  Fermi  potential  within  the  floating  substrate  has  to  adapt  itself  so  as  to  maintain  the 
charge  stored  in  the  film  at  equilibrium.  At  present  time,  no  experimental  results  concerning  the  MOS/SOl  capacitor 
as  a  two-terminal  device  have  been  yet  reported.  This  could  be  attributed  to  the  quite  unusual  shape  exhibited  by  the 
capacitance-voltage  characteristic  of  this  structure.  From  this  point  of  view,  the  above-mentioned  approach  gives 
some  insight  into  the  major  physical  mechanisms  and  enables  to  state  clearly  the  correspondence  between  the  various 
modes  of  operation  of  the  capacitor  and  its  electrical  behaviour.  However,  it  is  still  to  be  determined  whether  the 
MOS/SOI  capacitor  can  be  used  as  a  characterization  device  as  in  bulk  technology. 


REFERENCES 


[1]  Lee,  J.-H.  and  Cristoloveanu,  S.,  IEEE  Electron  Device  Letters  Vol.  EDL-7  (1986)  537-539 
|2]  Vu,  D.P.  and  Pfister,  J.C.,  Applied  Physics  Letters  4&  1  (1986)  50-52 

[3]  Flandre,  D.  and  Van  de  Wiele  F.,  IEEE  Electron  Device  Letters  Vol.  EDL-8  (1988) 

[4]  Lim,  H.-K.  and  Fossum,  J.G.,  IEEE  Trans.  Electron  Devices  Vol.  ED- 30  (1983)  1244-1251 
[5J  Hauser,  J.R.  and  Littlejohn,  M.A.,  Solid-State  Electr.  H  (1968)  667-674 

[6]  Van  de  Wiele,  F.,  to  be  published 


JOURNAL  DE  PHYSIQUE 

Colloque  C4,  supplement  au  n°9,  Tome  49,  septembre  1988 


C4-71 


SILICON  SELECTIVE  AND  LATERAL  OVERGROWTH  EPITAXY  :  GROWTH  AND  ELECTRICAL 
EVALUATION  FOR  DEVICES 


J.  FRIEDRICH,  G.W.  NEUDECK  and  S.T.  LIU* 

School  of  Electrical  Engineering,  Purdue  University ,  West  Lafayette, 

IN  47906,  U.S.A. 

* Honeywell  SSED,  Plymouth,  M N  55441,  U.S.A. 

Resume 

La  croissance  epitaxiale  selective  du  silicium  monocristallin  ainsi  que  la  surcroissance  dpitaxiale  latdrale 
sont  devenus  des  d tapes  importantes  pour  les  technologies  de  traitement  avancdes.  Les  problemes  associes 
a  ces  etapes,  tels  que  l'uniformitd  du  ddpot,  la  qualitd  de  la  matiere  et  la  deterioration  de  l'oxyde  masqueur 
ont  did  recherches.  Des  elements  ont  6l6  construits  pour  dvaluer  la  matiere  formee  epitaxiallement  en 
fonction  de  son  adequation  pour  la  fabrication  des  circuits  dlectroniques.  Les  rdsultats  procurent  des 
criteres  fondamentaux  qui  peuvent  etre  utilises  dans  n’importe  quel  type  de  rdacteur  pour  atteindre  une 
dpitaxie  selective  de  qualitd. 

Abstract 


Selective  epitaxial  growth  of  monocrystalline  silicon  and  epitaxial  lateral  overgrowth  have  emerged  as 
important  processing  steps  for  advanced  processing  technologies.  The  problems  associated  with  these 
steps,  such  as  deposition  non-uniformity,  material  quality,  and  masking  oxide  deterioration  have  been 
investigated.  Devices  have  been  built  to  evaluate  the  epitaxially  grown  material  with  respect  to  its  suitability 
for  circuit  fabrication.  The  results  give  fundamental  criteria  that  can  be  used  in  any  kind  of  reactor  system 
to  achieve  good  quality  selective  epitaxy. 


Introduction 

In  selective  epitaxial  growth  of  monocrystalline  silicon 
on  a  silicon  substrate  (SEG)  the  wafer  is  masked  with 
SiC>2  into  which  seed  windows  are  cut.  Under  appropri¬ 
ate  conditions  one  can  achieve  epitaxial  growth  in  these 
windows  without  nucleation  on  the  oxide  [1].  When  de¬ 
position  is  continued,  even  after  the  epitaxial  silicon  has 
reached  the  oxide  surface  level,  lateral  growth  occurs. 
Epitaxial  lateral  overgrowth  (ELO)  can  be  used  to  fabri¬ 
cate  silicon-on-insulator  structures  [2].  Most  recently, 
ELO  has  been  employed  as  part  of  a  16  MBit  DRAM 
technology  [3],  SEG  and  ELO  offer  potential  for  in¬ 
creased  device  density,  device  performance,  and  design 
flexibility,  while  keeping  process  complexity  comparable 
to  that  of  conventional  technologies. 

The  problems  associated  with  low-temperature  selec¬ 
tive  epitaxial  growth  are  deposition  uniformity,  material 
quality,  ron-selectivity  by  nucleation  of  silicon  on  the 
masking  oxide,  planarity  and  faceting,  integrity  of  the 
oxide  mask,  and,  for  ELO,  the  aspect  ratio  of  vertical  to 
horizontal  growth.  We  have  studied  these  effects  in  two 
different  types  of  commercially  available  reactors,  a 
radiant  heated  bar  cl  reactor,  and  an  induction  heated 
pancake  type  vertical  reactor.  In  this  paper  we  report  on 
some  of  the  results  obtained  from  our  experiments  and 
discuss  implicr.tions  for  device  fabrication. 

Growth  Mechanism  and  Uniformity 

Most  selective  epitaxial  processes  employ  SiCl2H2 
(DCS)  as  the  silicon  source  gas,  H2  as  the  carrier  gas, 
and  HC1  to  control  selectivity  and  to  prevent  the  deposi¬ 
tion  of  polysilicon  on  the  oxide.  This  system  has  been 
studied  for  the  case  of  selective  as  well  as  non-selective 
deposition  [4],  SEG  and  ELO  in  the  SiCl2H2-HCl-H2 
system  has  been  found  to  be  sensitive  to  temperature, 
partial  pressures  of  the  reactant  species,  total  gas  flow, 
reactor  type,  ratio  of  masked  to  unmasked  area  on  a 
wafer,  and  to  crystal  type  and  pattern  orientation  on  the 
growth  surface. 


SEG  poses  a  peculiar  problem  in  CVD,  as  the  deposi¬ 
tion  reaction  is  highly  reversible,  due  to  Cl-etching. 
Furthermore,  the  existence  of  two  regions  with  different 
gas  compositions  close  to  each  other,  one  over  the 
masking  oxide  and  the  other  over  the  seed  area, 
challenges  the  ability  of  reactor  systems  to  achieve  good 
uniformity. 

The  key  to  good  uniformity  is  operation  at  low  tem¬ 
perature,  where  the  effect  of  the  Cl/Si  ratio  in  the  kinetic 
rate  expression  is  subdued,  by  employing  high  gas  ve¬ 
locities  to  reduce  depletion  effects,  and  by  having  low 
oxide  coverage  on  the  wafers.  This  way  we  have 
achieved  2  %  non-uniformity  across  a  wafer  for  10  pm 
of  growth. 

In  an  inductively  heated,  pancake  type  reactor  we 
found  that  growth  rates  were  a  function  of  masking 
oxide  thickness  (Fig.  1).  This  dependence  is  probably 
temperature  related.  The  thermal  conductivity  of  SiC>2  is 
two  orders  of  magnitude  lower  than  that  of  silicon. 
However,  if  the  decrease  in  growth  rate  with  increasing 
oxide  thickness  was  primarily  due  to  smaller  thermal 
conductance,  an  almost  linear  drop  would  be  expected. 
This  was  not  observed,  instead  the  growth  rates  remain 
essentially  constant  after  the  initial  decrease  somewhere 
between  80  nm  and  300  nm.  Furthermore,  wafers  with 
backside  oxides  did  not  exhibit  lower  growth  rates,  and 
thin  wafers  did  not  have  higher  growth  rates  than  thicker 
ones.  Thus  our  results  point  towards  enhanced  radiative 
heat  transfer  from  wafers  with  oxide  layers  thicker  than 
300  nm.  From  experiments  with  locally  varying  masking 
oxide  thickness  it  was  concluded  that  the  observed 
growth  rate  dependence  is  a  bulk  effect  and  not  due  to 
local  variations  in  temperature  and  concentration  of 
reactants. 

Material  Quality 

One  of  the  most  important  issues  in  low-temperature  se¬ 
lective  epitaxial  growth  is  the  required  low  defect  den¬ 
sity  of  the  grown  material.  We  have  studied  some  of  the 
parameters  that  influence  the  amount  of  defects  and  have 
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explored  the  limitations  in  growing  low  defect-density 
material  at  low  temperatures  in  commercial  reactors. 

Meyerson  et  ah  (5]  have  demonstrated  that  device 
quality  material  can  be  obtained  at  temperatures  as  low  as 
750°C  in  an  ultra-high  vacuum  epitaxy  system.  In  com¬ 
mercially  available  reactor  systems,  Borland  and 
Drowley  [6]  and  Drowley  and  Turner  [7]  were  able  to 
grow  device  quality  epitaxial  layers  in  the  pressure  range 
of  10  to  100  torr  and  at  temperatures  of  about  850°C. 

We  have  conducted  experiments  that  elucidate  the  im¬ 
portance  of  the  background  water  vapor  and  oxygen  lev¬ 
els  in  the  epitaxial  growth  environment,  as  previously 
demonstrated  by  Meyerson  for  an  ultra-high  vacuum  re¬ 
actor,  and  we  have  applied  the  results  from  Ghidini  and 
Smith  [8], [9]  on  Si/02/H20/Si02  equilibrium  data  to 
predict  an  operating  range  for  commercially  available 
epitaxy  reactor  systems  where  good  crystalline  quality 
material  can  be  grown. 

In  their  investigation  of  the  interaction  of  H2O  and  O2 
with  silicon  surfaces,  Ghidini  and  Smith  showed  that 
there  exist  critical  pressures  for  water  vapor  and  oxygen 
below  which  etching  of  silicon  by  the  reactions 

Si(s)  +  02  ->  2SiO(g)  (1) 

Si  +  H20  -»  SiO(g)  +  H2  (g)  (2) 

takes  place,  where  Ts  denotes  the  substrate  surface  tem¬ 
perature.  For  partial  pressures  of  water  vapor  or  oxygen 
higher  than  these  critical  pressures,  oxidation  of  silicon 
occurs.  For  temperatures  greater  than  about  1000°C,  the 
critical  partial  pressures  for  wat*^  Pc  (H2O,  Ts  ),  are 
one  order  of  magnitude  higher  than  those  for  oxygen,  Pc 
(02,  Ts  ).  However,  for  temperatures  less  than  950°C, 
they  are  about  equal.  Pc  (O2,  Ts )  can  be  expressed  as 
PC(O2-ts)=4-4x'012  exp  (-3.93  eV/kBTs)  tore  (3) 
where  kg  is  Boltzmann's  constant  and  Ts  is  the  silicon 
surface  temperature  in  degrees  Kelvin  [8].  For  a  given 
deposition  pressure,  one  can  thus  compute  a  critical  pre¬ 
clean  and  growth  temperature  as  a  function  of  moisture 
and  oxygen  content  in  the  H2  carrier  gas.  This  is  illus¬ 
trated  in  Fig.  2.  For  example,  if  one  has  a  known  mois¬ 
ture  plus  oxygen  content  of  1  ppm  in  the  H2  carrier  gas, 
and  the  reactor  can  be  operated  at  a  minimum  pressure  of 
25  tore,  the  minimum  deposition  temperature  to  obtain 
good  crystal  quality  material  would  be  875°C. 

Figure  3  and  Fig.  4  show  growth  above  and  below  the 
critical  temperature,  respectively,  for  a  deposition 
pressure  of  150  tore  and  the  moisture  content  in  that 
particular  run.  It  is  observed  that  good  crystal  quality 
epitaxy  was  also  grown  at  890°C  and  150  torr.  At  860°C 
a  high  number  of  stacking  faults  due  to  local  oxidation 
during  the  growth  is  visible. 

The  experiments  reported  here  strongly  support  the 
assumption  that  the  limitations  of  growth  in  commercial 
reactor  systems  at  low  temperature  may  indeed  be  gov¬ 
erned  by  the  water  vapor  and  oxygen  background  pres¬ 
sure  during  preclean  and  growth.  Low  partial  pressures 
of  oxygen  and  water  vapor  can  be  achieved  by  low  pres¬ 
sure  deposition  systems,  point-of-use  purification  of  the 
gases,  or  both.  For  the  system  studied,  the  lower  tem¬ 
perature  limit  at  0.1  ppm  residual  moisture  and  oxygen, 
and  a  minimum  deposition  pressure  of  150  tore,  was 
about  890°C. 

Oxide  Integrity 

In  silicon-on-insulator  (SOI)  by  ELO,  the  masking  oxide 
functions  at  the  same  time  as  the  insulating  layer.  In 
many  of  the  new  device  technologies  silicon  is  grown 


over  a  thin  layer  of  Si02,  either  along  a  sidewall  or  a 
gate-type  oxide.  The  integrity  of  these  thin  oxides  are 
essential  for  the  fabrication  of  complex  devices  and 
circuits  by  such  processes. 

Investigations  of  the  effect  of  post-oxidation  anneals 
on  the  breakdown  characteristics  of  thin,  thermally 
grown  oxides  showed  that  a  considerable  number  of 
oxide  defects  are  induced  when  the  anneal  is  carried  out 
in  an  oxygen  deficient  ambient  [10],  Such  conditions 
exist  in  epitaxial  reactor  systems,  where  the  amount  of 
residual  water  vapor  and  oxygen  has  to  be  minimized  to 
obtain  good  crystalline  quality  material. 

We  have  investigated  the  effect  of  H2,  H2-HCI,  and 
SiCi2H2-HCl-H2  ambients  at  950°C  and  150  tore,  con¬ 
ditions  typical  for  SEG,  on  the  electrical  breakdown 
characteristics  of  thin,  thermally  grown  oxides.  We 
found  defect  formation  in  thermally  grown  oxide  films 
during  selective  epitaxial  depositions  to  take  place, 
accelerated  by  the  presence  of  a  silicon  source  gas  [II]. 

Oxidized,  unpattemed  wafers  were  divided  into  four 
groups,  each  group  containing  oxides  of  nominal  60  nm, 
80  nm,  100  nm.  and  120  nm  thickness.  To  investigate 
the  effect  of  the  various  gas  components  of  the  ambient 
used  in  SEG,  these  groups  were  subjected  to  different 
processing  steps. 

The  first  set  of  four  (group  I)  was  metallized  with  a 
layer  of  less  than  300  nm  of  Al-Si  in  a  sputtering  system, 
patterned,  and  annealed  at  450°C  in  dry  N2  for  20  min¬ 
utes  to  form  MOS  capacitors.  These  wafers  served  as  a 
standard  against  which  the  other  wafers  were  compared. 

The  second  set  of  wafers  (group  II)  was  placed  into  an 
inductively  heated,  pancake  type  epitaxy  reactor,  and  an 
epitaxy  cycle  was  carried  out.  However,  no  silicon 
source  gas  or  HC1  was  added  to  the  ambient.  Hydrogen 
was  the  only  gas  introduced  into  the  reaction  chamber 
during  the  20  minute  bake  at  950°C  and  150  tore. 

The  third  group  of  wafers  (group  III)  was  subjected  to 
the  sai;ie  procedure  as  the  second  group,  with  the  excep¬ 
tion  that  HC1  was  introduced  into  the  chamber  in  addition 
to  the  H2  during  the  20  minute  bake  at  950°C  at  150  tore. 
The  HC1  partial  pressure  was  about  3  tore. 

The.  fourth  set  of  wafers  (group  IV)  was  placed  into  the 
epitaxy  reactor  and  a  complete  selective  epitaxy  run  was 
carried  out  at  950°C  and  150  tore.  HC1  and  SiCl2H2 
were  added  as  reactant  gases.  The  partial  pressures  of 
these  gases  were  in  the  order  of  1  tore.  All  runs  were 
carried  out  for  20  minutes  such  that  no  polysilicon 
nucleated  on  the  oxide  surface.  After  the  epitaxy  the 
wafers  of  groups  II  to  IV  were  metallized,  patterned,  and 
annealed  as  described  for  group  I. 

Figure  5  plots  the  yield  for  the  four  different  groups  of 
wafers.  As  expected,  the  control  wafers  (group  1)  yield 
almost  100%  good  devices.  The  yield  decreases  notice¬ 
ably  for  wafers  baked  in  H2  and  HC1  at  950°C  and  150 
tore  for  20  minutes  (group  III),  and  even  more  when 
SiCl2H2  was  added  to  the  ambient  (group  IV). 

On  a  clean  silicon  surface,  etching  occurs  in  the  pres¬ 
ence  of  oxygen  or  water  vapor  when  the  O2  or  H2O 
partial  pressures  are  smaller  than  the  equilibrium  partial 
pressure  of  SiO  [8,9],  which  is  a  strong  function  of 
temperature.  At  950°C,  partial  pressures  of  O2  or  H2O 
of  less  than  about  0.5  mtore  lead  to  etching  of  exposed 
silicon  by  formation  of  volatile  SiO.  In  the  Si-Si02  sys¬ 
tem,  formation  of  SiO  can  occur  via  the  disproportiona¬ 
tion  reaction 

Si  +  Si02  ->  2SiO(v)  (4) 
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for  sufficiently  low  O2  and  H2O  partial  pressures  at  the 
reaction  site.  Such  conditions  have  been  achieved  in  the 
investigation  of  post-oxidation  anneals  of  thermally 
grown  SiC>2  by  Hofmann  et  al.  [10].  They  reported  that 
between  750°C  and  1 100°C  oxide  decomposition  was 
non-uniform,  initiated  at  nucleation  sites  and  resulting  in 
voids  in  the  oxide. 

At  950°C,  the  following  conditions  must  be  met  for 
equation  (4)  to  occur  at  measurable  rates:  the  O2  or  H2O 
partial  pressures  have  to  be  lower  than  0.5  mtorr,  silicon 
must  be  supplied  to  the  reaction  site,  and  the  reaction 
product  SiO  must  be  able  to  leave  the  reaction  site.  In  our 
epitaxy  system,  all  three  conditions  were  met.  Water 
content  in  the  feed  gas  was  always  less  then  1  ppm 
(typically  0.4  ppm).  For  a  deposition  pressure  of  150 
torr,  that  would  translate  into  a  water  vapor  partial  pres¬ 
sure  of  about  0.2  mtorr,  which  at  950°C  is  less  than  the 
equilibrium  partial  pressure  of  SiO.  The  oxides  that  were 
treated  in  the  epitaxy  reactor  with  just  H2  or  H2  and  HC1 
can  be  compared  to  those  that  went  through  the  POA 
procedures  as  described  by  others.  Here  oxide 
decomposition  would  begin  at  weak  points  in  the  oxide, 
that  may  be  caused  by  pre-oxidation  substrate  defects  as 
well  as  post-oxidation  contamination. 

The  oxides  that  went  through  a  regular  selective  epi¬ 
taxy,  with  DCS  as  the  silicon  source  gas,  exhibit  a  large 
number  of  defects.  Here  additional  silicon  is  supplied  to 
the  oxide  surface  from  the  gas  phase,  by  decomposition 
of  the  silicon  source  gas  DCS  at  the  hot  surface.  The 
abundance  of  Si  can  accelerate  reaction  (4),  leading  to 
higher  defect  densities.  In  addition,  the  reaction  product 
SiO  is  easily  transported  away  from  the  reaction  site  at 
the  oxide  surface. 

Taking  the  equilibrium  partial  pressure  of  SiO  as  the 
dividing  line  between  the  region  of  oxide  decomposition 
and  oxidation.  Fig.  6  shows  the  critical  reactor  pressure 
as  a  function  of  deposition  temperature,  with  the  carrier 
gas  moisture  content  as  a  parameter.  The  shaded  regions 
denote  the  conditions  under  which  defects  can  be  in¬ 
duced  by  oxide  decomposition.  One  can  see  that  the 
critical  conditions  fall  right  into  a  range  where  selective 
epitaxial  depositions  are  commonly  carried  out.  For 
depositions  at  150  torr  and  a  moisture  content  of  1  ppm, 
the  maximum  allowable  deposition  temperature  would  be 
about  920°C. 

Devices 

We  have  built  bipolar  transistors  as  shown  in  Fig.  7 
into  material  grown  above  the  critical  minimum  temper¬ 
ature,  at  950°C  and  150  torr  in  a  vertical  pancake  reactor, 
and  simultaneously  in  the  silicon  substrate  in  the  same 
die.  The  devices  show  almost  identical  junction  proper¬ 
ties,  indicating  the  quality  of  the  SEG/ELO  epitaxial 
material  is  of  device  quality.  Peak  betas  of  greater  than 
450  were  measured  that  were  still  greater  than  100  at  0.1 
nA.  The  junctions  had  ideality  factors  from  1.0  to  1.03 
with  reverse  currents  less  than  30  nA/cm2. 

For  SOI  by  ELO,  we  have  grown  silicon  selectively 
from  seed  windows,  spaced  10  pm  apart,  such  that  the 
growth  fronts  merged,  resulting  in  a  planar  overall  sur¬ 
face  everywhere.  This  was  done  in  a  radiant  heated  bar¬ 


rel  reactor  at  900°C  and  50  torr  and  an  HC1/DCS  ratio  of 
2.  The  thickness  of  the  buried  oxide  stripes  was  400  nm. 
About  8  pm  of  vertical  growth  was  required  to  obtain  a 
planar  surface,  which  was  then  etched  back  to  about  1 
jim  by  plasma  etching.  A  cross-sectional  view  of  the  re¬ 
sulting  SOI  by  ELO  is  shown  in  Fig.  8.  After  the  plasma 
etch  the  film  was  further  thinned  to  about  0.6  Jim  by  wet 
etching  to  remove  plasma  damage.  A  row  of  discrete 
NMOS  transistors  of  various  sizes  were  built  on  the 
SEG  seed  region,  and  comparable  transistors  were  built 
on  the  ELO  region  above  the  oxide  stripes.  The  SOI 
wafers  were  doped  uniformly  to  approximately  1.5xl017 
cm-3  by  multiple  boron  implantation.  The  gate  oxide 
thickness  was  20  nm.  The  gate  polysilicon  was  doped 
N+  and  was  about  400  nm  thick.  The  source  and  drain 
regions  were  formed  by  arsenic  implantation  and 
annealed  at  925°C.  After  the  contact  and  metal  process¬ 
ing,  the  I-V  characteristics  were  measured.  Fig.  9  shows 
a  typical  result  for  an  NMOS  transistor  made  on  SOI  by 
ELO.  The  drawn  features  of  this  transistor  were 
W/L=3.5(J.m/3.5jxm.  In  this  measurement  the  source  was 
connected  to  the  "ELO-substrate"  to  show  the  typical 
kink  behavior  of  SOI  devices.  Evaluated  at  the  low  drain 
voltage,  the  channel  mobility  was  determined  as  410 
cm2/V-sec.  The  same  size  transistor  in  the  SEG  seed 
region  exhibited  the  same  mobility.  The  subthreshold 
slope  and  breakdown  voltages  were  120  mV/dec  and 
8. 1-8.3  Volts,  respectively,  for  both  types  of  transistors. 
From  these  measurements  we  conclude  that  the  electrical 
properties  of  SOI  by  ELO  are  the  same  as  the  ones  of  the 
SEG  bulk  region. 

Acknowledgment 

This  work  was  supported  by  SRC  NO.  87-SJ-108  and 
ONR  No.  N  00014-85-0438. 

References 

[1]  K  Tanno,  N.  Endo,  H.  Kitajima,  Y.  Kurogi  and 
H.  Tsuya,  Jap.  Jour,  of  Appl.  Physics  21 
L564  (1982) 

[2]  L  Jastrzebski,  A.C.  Ipri,  and  J.F.  Corboy, 

IEEE  Electron  Dev.  Letters  EDL-4,  32  (1983) 

[3]  G.B.  Bronner  et  al.,  Symposium  on  VLSI 
Technology  Digest,  San  Diego,  21  (1988) 

[4]  C.I.  Drowley,  Chemical  Vapor  Deposition  1987, 
Electrochem.  Soc.  PV  87-7,  418  (1987) 

[5]  B.S.  Meyerson,  E.  Ganin,  D.A.  Smith,  and 
T.N.  Nguyen,  J.  Electrochem.  Soc.  133, 

1232  (1986) 

[6]  J.O.  Borland  and  C.I.  Drowley,  Solid 
State  Technology  28  (8),  141  (1985) 

[7]  C.I.  Drowley  and  J.E.  Turner,  Chemical 
Vapor  Deposition  1987,  Electrochem.  Soc. 

PV  87-7,  243  (1987) 

[8]  F.W.  Smith  and  G.  Ghidini,  J.  Electrochem. 

Soc.  129,  1300  (1982) 

[9]  G.  Ghidini  and  F.W.  Smith,  J.  Electrochem. 

Soc.  131,  2924  (1984) 

[10]  K.  Hofmann,  G.W.  Rubloff,  and  D.R.  Young, 

J.  Appl.  Phys.  61,  4584  (1987) 

[11]  J.  Friedrich  and  G.W.  Neudeck,  to  be  published 
in  the  J.Appl.  Phys. 


Growth  Rato 


% 


JOURNAL  DE  PHYSIQUE 


0.08  0.27  0.46  0.65  0.87 


Oxide  Thickness  [pm] 

Fig.  1:  Growth  rate  as  a  function  of 
masking  oxide  thickness 
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Fig.  2  Critical  preclean  and  growth 
temperature  as  a  function  of 
moisture  content  in  the  growth 
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HIGHER  EFFICIENCY  OF  CMOS-PROCESS-COMPATIBLE  PHOTODIODES  IN  SOI-TECHNIQUE  BY 
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Resume :  Une  tension  de  plusieurs  volts  etait  realisee  sur 
circuit  integre  par  integration  de  photodiodes  en  couches 
de  silicium  polycristalin  en  technique  SOI.  Pour  accroire 
le  rendement  guantique  une  couche  appropriee  etait  deposee 
a'i  joint  Si  -  poly-Si.  Cette  couche  ne  pose  aucune 
restriction  pour  les  etapes  suivantes  et  les  traitements 
thermiques.  Une  comparison  des  rendements  quantiques 
mesures  avec  les  valeurs  theoriques  a  ete  faite. 

Abstract:  A  voltage  of  several  volts  was  achieved  on  chip 
by  integration  of  photodiodes  in  polycristalline  silicon 
layers  in  SOI-technique.  For  increased  quantum  efficiency 
suitable  layers  were  deposited  at  the  Si  -  poly-Si 
boundary.  These  layers  caused  no  restrictions  for  succes- 
sing  process  steps  and  temperature  treatments.  A  comparison 
of  measured  quantum  e  riciencies  with  theoretical  values 
has  been  made. 

Introduction 

With  the  development  of  optical  communication  techniques  the 
importance  of  opto-electrical  transformers  increases.  Because  the 
CMOS-process  is  well  advanced  and  gives  the  highest  integration 
level,  the  opto-electrical  transformers  should  be  compatible  to 
this  process.  Parts  of  such  transformers  are  photodiodes ( PD) .  To 
switch  a  MOS-transistor  a  single  PD  is  not  sufficient,  because 
the  voltage  of  a  single  photodiode  (caused  by  incident  light)  is 
too  low.  So  we  realized  a  series  connection  of  PDs  in  SOI- 
technique  to  obtain  the  nececsa,.y  photovoltage.  The  integration 
of  all  devices  in  a  poly-Si-layer  with  a  thickness  of  about  lum 
causes  a  bad  quantum  efficiency  of  the  PD,  especially  for 
radiation  of  wavelengths  above  0,6/im  (penetration  depth  >2pim, 
increases  rapidly  at  ..igher  wavelengths).  To  incre  se  the  quantum 
efficiency  we  deposited  both  an  anti-ref lecting-layer  (ARL)  (to 
minimize  reflection  at  the  top  of  the  poly-Si-layer)  and  a  back- 
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reflecting-layer  (BRL)  (to  minimize  the  reflection  at  the  bottom 
of  the  poly-Si-layer)  /l/. 

Manufacturing 

The  PDs  (and  the  other  devices)  were  manufactured  by  a  SOI- 
technique,  which  is  compatible  to  the  CMOS-process  used  in  our 
institute  of  the  university  of  Dortmund.  First  different  layers 
of  Si02  and  poly-Si  were  deposited  on  the  Si-substrate.  They  form 
both  the  BRL  of  the  photodiode  and  the  insulating  layer  necessary 
for  SOI -technique.  Their  thicknesses  were  optimized  for  radiation 
of  a  wavelength  of  800nm,  and  they  caused  no  restrictions  to  the 
following  process-steps  (e.g.  annealing  at  800°C  or  recristalli- 
sation  at  1250°C) .  Then  a  l,2fm  thick  layer  of  poly-Si  was 
deposited  on.  This  layer  was  recristallised  5  hours  at  1250°C 
/2/ .  The  medium  size  of  the  crystallites  was  0,42/um.  In  this 
layer  the  photodiodes  (and  other  devices)  were  integrated  by 
different  steps  of  oxidation,  masking,  etching  and  implantation 
of  boron  and  phosphorous  respectively.  The  separation  of  the 
photodiodes  (for  series  connection)  was  realized  by  etching 
trenches  into  the  poly-Si-layer  down  to  the  surface  of  the  BRL. 
After  metallisation  an  ARL  was  deposited  on  the  top  of  the  photo¬ 
diodes  areas.  This  layer  consists  of'  different  Si02  layers 
(deposited  from  a  plasma,  thermally  grown) ?  the  ARL  was  also 
optimized  for  radiation  of  a  wavelength  of  800  nm. 


Fig.  1  Scematic  view  of  the 
series  connection 


Fig.  2  Scematic  cross  section 
of  a  photodiode 


Fig. 3  is  a  REM-photo;  it  shows  an  etched  trench  between  two  PDs 
(dark,  interupted,  horizontal  line) .  The  connection  between  the 
PDs  is  realized  by  an  aluminium  layer  (8jim  width,  raised  areas) . 
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Fig. 3  REM-photograph  of  the  connection  between  2  PDs 

Experimental  and  theoretical  results 

A  series  connection  of  10  PDs  was  measured.  Under  monochromatic 
light  with  low  intensity  we  obtained  the  following  photovoltages: 

A  r uml _ U  TmVl _ Radiation  power  ruW/mm2) _ 

0,5  1170  ±  90  25 

0,8  340  +20  5 

Under  white  microscope  light  more  than  3V  were  generated.  The 
guantum  efficiency  (fig.  4)  reaches  up  to  30%  (response  120mA/W 
at  this  maximum) ;  at  higher  wavelengths  an  oscillation  of  the 
curve  can  be  seen.  One  maximum  of  the  oscillation  is  at  a  wave¬ 
length  of  0,8jim.  At  this  wavelength  we  have  got  a  quantum 
efficiency  of  9%,  the  response  was  60mA/W.  The  theoretical  values 
were  obtained  by  computing  the  absorbed  part  of  the  incident 
radiation  within  the  poly-si-layer,  multiplied  with  a 
recombination  factor  (RCF) .  This  RCF  takes  into  account  the 
leakage  current  and  the  recombination  of  the  generated  charge 
carriers  inside  the  poly-Si-layer.  At  longer  wavelengths  the 
experimental  and  theoretical  data  agree  well. 
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Fig.  4  Average  quantum  efficiency  of  8  samples  of  the  same  lot 

The  deviations  are  due  to  the  absorption  coefficient  and  the 
differences  between  the  calculated  and  constructed  layer 
thickness.  Because  the  exact  data  for  poly-Si  were  not  known 
(they  depend  strongly  on  the  grainsize  of  poly-Si) ,  those  of 
crystalline  silicon  were  used.  Especially  at  lower  wavelength, 
which  are  in  the  range  of  the  grain  sizes,  the  deviations  are 
big. 

Conclusions 

By  integrating  PDs  in  poly-Si  in  SOI-technique  we  get  a  voltage 
of  several  volts  on  a  chip.  The  use  of  reflecting  films  (which 
cause  no  restrictions  to  the  manufacturing  process)  increased  the 
quantum  efficiency  (and  so  the  photocurrent)  at  specific  wave¬ 
lengths.  The  combination  of  all  measures  leads  to  an  increase  of 
the  usable  power  of  CMOS-process-compatible  PDs.  Laser 
recristallisation  was  used  to  increase  the  medium  size  of  the 
crystallites  in  the  poly-si-layer  (and  thereby  the  quantum 
ef f iciency) /3/ . 
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Abstract — A  novel  oool  plasma  surface  activation  method  has  been 
developed  for  high  quality  SOI/SDB  (Silicon  wafer  Direct  Bonding) 
preparation.  The  activation  effectiveness  of  different  plasma  gases, 
espetially  of  02  plana  gases  were  investigated.  The  measurements  of 

H.V-PMOS  and  L.V.-NMOS  devices  made  on  the  SOI/SDB  and  on  a  bulk  Silicon 
indicate  that  ratios  of  electron  and  hole  mobility  of  SOI  to  those  of 
bulk  Silicon  are  0.92  and  0 . 88 , respectively . It  was  proved  that 
our  SOI  substrate  produced  by  SDB  is  of  device  level 
quality. 


1. INTRODUCTION 

SOI  material  has  been  the  subject  of  an  intense  and  challenging  research 
over  past  few  decade ,  because  it  has  the  potential  to  provide  the  ideal 
substrate  for  ultra-high  speed, high  voltage, high  temperature  and  high 
radiation-hardness  VLSI  systems .Recently , SOI  produced  by  Silicon  wafer  Direct 
Bonding  (SDB)  technology  has  attracted  much  attention  because  of  its  high 
quality, high  flexibility  and  low  cost ( 1 ),( 2 ),( 3 ). However , sucessful  bonding 
depends  in  large  extend  on  the  surface  treatment. In  this  paper  we  report 
a  novel  cool  plasma  surface  activation  method  for  SOI/SDB  preparation. 


2. EXPERIMENTS  AND  DISCUSSION 

The  bonding  process  adopted  in  this  work  is  Bhown  in  Fig. 1. Tow  polished 
wafers  were  oxidized  thermally,  and  the  surface  activation  of  tow  wafers 
were  performed  before  the  prebonding  process  which  was  carried  out  in  clean 
air  condition. The  bonding  was  then  processed  in  N2  or  02  ambient  at  about  1000 
°C  for  a  few  hours. 

It  has  been  found  that  the  surface  activation  and  subsequent  absorption  of 
OH  groups  are  key  process  steps  for  suceessful  prebonding .The  surface 
treatment  in  this  work  is  as  follows: (a)  Radical  atoms/moleculars  (02,N2,NH3  , 
etc .) produced  by  R.F. plasma  activate  the  surface  for  6  minutes . (b)Silicon 
wafers  are  immersed  in  a  molecular  type  surface  activation  solvent  for  about  1 
hours  in  order  that  the  surface  absorbs  large  amounts  of  OH  groups . (c )Wafers 
are  cleanned  by  standard  IC  wafer  cleanning  procedures. 
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The  infrared  transmittance  curves  (0,  N,  A  and  V)  in  Fig. 2  show  broad  and 
split  dips  between  3100 — 3700  cm-1  owing  to  absorption  of  OH  groups  on  the 
surface  .The  symbols  0,N,A  and  V  refer  to  samples  treated  at  850  ”0  for 
6  minutes  in  O2.N2.NH3  an<*  vacuu®  plasma  respectively , and  8  is  original 
sample . 

It  was  found  that  the  sample  0  in  Fig. 3  is  deactivated  after  being  heated  at 
1100  *C  for  0.5  hour  and  then  being  passed  steps  (b)  and  (c) .The  broad  and 
split  dips  no  longer  apper  in  the  curve.lt  furthur  confirms  that  plasma 
treatment  activates  the  surface  and  enhances  the  absorption  of  OH  groups. 

The  investigation  of  the  influence  of  temperature  and  time  on  O2  plaBma 
activation  process  was  carried  out. Fig. 4  show  that  temp.  less  than  850°C  is 
better  than  900  "C  in  terras  of  OH  groups  absorption . But  there  is  almost 
no  difference  between  IR  transmittance  spectra  curves  of  02  plasma  treatment 
for  6  minutes  and  60  minutes  at  850*C  in  Fig. 5. It  is  assumed  that  there  is 
a  critical  temperature  value  above  which  deactivation  dominates  in  02  plasma 
treatment . 

The  fracture  strength  of  the  bonded  silicon  wafer  is  110--145  kg /cm2, 
which  is  close  to  the  values  of  silicon  wafers  used.  SEM 
microphotograph , in  Fig. 6  shows  the  cross-section  of  resulted  bonding  wafer. 

The  high  voltage  PMOS  device,  as  shown  in  Fig. 7  was  designed.lt  was 
fabricated  with  standard  voltage  NMOS  device  both  on  the  SOI/SDB  substrate 
and  bulk  Si  using  Al-gate  CMOS  process  to  assess  the  electrical  properties  of 
the  SOI  layer. The  SOI/SDB  substrate  has  4  pm  thickness  with  resistivity  of 
20  n*cm.Fig.8  is  I-V  characteristic  of  100V . H . V . PMOS  device. The  measurements 
indicate  that  ratios  of  electron  and  hole  mobility  on  SOI  layer  to  those  of 
bulk  Silicon  are  0.92  and  0.88  respectively.lt  shows  that  our  SOI/SDB  iB 
of  device  level  quality. 


3.  CONCLUTION 

A  cool  plasma  can  activate  the  Si02  of  a  Si  wafer  and  helps  the  bonding 
process .Activation  effectiveness  of  different  plasraa  was  compared  and  we  found 
no  sigificant  difference  among  various  plasma  gases. The  temperature  during 
activation  of  O2  plasma  below  850°C  is  nessary  to  avoid  deactivation . The 
devices  made  on  SOI  layer  show  that  SOI/SDB  subsrtrate  is  suitable  to  IC 
application . 

This  work  was  supported  by  Chinese  Natural  Science  Foundation  (6866011). 
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Fig.l  SDB  process  sequence 
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Fig. 6  SEM  cross-section  microphotograph  of  SOI/SDB 


S  6  D  Si Oj 


Fig. 7  H.V.-PMOS  structure 


Fig. 8  I-V  characteristic  of  H.V.PMOS 

Horizantal  axis tVce,20V/div ; Vertical  axis.Ij.BOOuA/div.Oate  volt.,2V/div 
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ABSTRACT 

Deux  processus  Bipolai re/CMOS  de  haute  performance  ont  ^te  developpes; 
les  processus  CIT  1  (2.0  yum)  et  CIT  2  (1.5  yum).  La  technologie  CIT 
n'utilise  ni  l'epitaxie  nl  le  burled  layer.  Des  transistors  bipolalres 
(npn,  pnp)  et  des  transistors  MOS  (canal  n,  canal  p)  sont  implantes 
avec  succes  sur  un^meme  chip  sans  diminuer  les  performances  des  deux 
technologies  en  presence. 

Two  N-well  high  performance  Bipolar/CMOS  processes  have  been  developed; 
a  2.0  fun  CIT  1  process  and  CIT  2,  a  1 . 5  yum  process.  CIT  technology 
uses  neither  epitaxie  nor  buried  layer.  Bipolar  transistors  (npn  and 
pnp)  and  MOS  transistors  (n-channel  and  p-channel)  have  been 
sucessfully  fabricated  on  the  same  chip  without  a  decrease  of  the 
performance. 


1  INTRODUCTION 

For  expanding  markets  like  the  consumer  market,  the  automotive,  or  the 
telecommunication  sectors,  signal  processors  with  working  frequencies  of  1 
GHz  and  more  are  required.  The  integration  of  various  kinds  of  functions  on 
the  same  chip  is  advantegous.  Today's  system  designs  demand  processes  which 
allow  integration  on  one  chip  (1  -  3).  For  a  high  integration  level  the 
power  consumption  is  also  a  very  important  issue.  In  the  past  bipolar 
devices  have  been  used  for  these  analog-digital  applications. 

In  this  paper  two  new  high  performance  nonepitaxial  Bipolar/CMOS  processes 
are  proposed;  the  2.0  yum  CIT  1  process  and  CIT  2  [4,  5),  a  1.5  yum  process. 
Bipolar  transistors  (npn  and  pnp)  and  MOS  transistors  (both  n-channel  and 
p-channel)  have  been  succesfully  fabricated  on  the  same  chip* 


2  DEVICE  STRUCTURE  AND  PROCESS  SEQUENCE 

In  the  present  CIT  processes  p-type  <111>  substrates  with  a  resistivity  of  2 
Ohmcm  are  used  as  a  starting  material.  The  n-wells  for  the  CMOS  transistors 
and  the  collectors  of  the  bipolar  transistors  are  formed  by  a  phosphorous 
implantation.  The  n-layer  has  a  sheet  resistance  of  1  kohm  per  square  and  is 
2.5  fm  deep.  Base  and  drain/source  for  the  p-channel  transistors  as  well  as 
the  emitter  and  n+  drain/source  are  made  simultaneously. 

The  base  is  doped  by  a  double  boron  implantation.  The  collector  contact  and 
the  emitter  area  are  defined  by  a  nitride  layer,  which  is  used  as  a  mask  for 
the  ion  implantation  of  the  extrinsic  base.  The  intrinsic  base  is  implanted 
through  this  nitride  layer  where  the  collector  is  protected  by  photoresist. 
The  following  oxidation  creates  a  bird's  beak.  It  allows  a  self  »Mgned 
separation  of  the  highly  doped  extrinsic  base  from  the  collector  contact  and 
the  emitter  area. 
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2.1  CIT  1 

After  an  arsenic  ion  implantation  for  emitter  and  n+  drain/source  a 
dielectric  layer  of  PECVD  oxide  is  deposited.  In  the  MOS  channel  region  this 
oxide  is  removed.  The  threshold  voltage  is  adjusted  by  ion  implantation 
through  an  80  nm  thick  gate  oxide.  CIT  1  uses  a  metal  gate.  This  process  is 
very  simple  and  needs  only  6  photolithographic  steps.  Figure  1  shows  the 
cross  section  of  the  2.0  jam  Bipolar/CMOS  device  structures. 


2.2  CIT  2 

After  removing  the  nitride  layer  and  gate  oxidation,  buried  contacts  for 
emitter,  collector  and  drain/source  are  opened  in  the  gate  oxide,  which  has  a 
thickness  of  20  nm.  Polysilicon  is  deposited  and  patterned.  The  polysilicon 
is  used  as  an  etch  mask  to  remove  the  oxide  on  the  external  base.  This  step 
forms  a  vertical  spacer.  The  200  nm  thick  emitter  polysilicon  is  doped  by  an 
arsenic  ion  implantation.  To  reduce  the  sheet  resistance  of  the  polysilicon 
(200  Ohms  per  square)  and  of  the  extrinsic  base  a  50  nm  thick  layer  of 
platinum  silicide  with  a  resistivity  of  8  Ohms  per  square  is  selectively 
deposited.  The  bipolar  transistor  surface  is  completely  covered  by  this 
silicide.  Both  collector-base  and  base-emitter  are  electrically  isolated  by 
a  vertical  oxide  spacer. 

After  gate  patterning,  the  lightly  doped  drain  region  is  defined  by  a  shallow 
ion  implantation.  The  threshold  voltage  is  adjusted  by  a  deep  ion 
implantation  through  the  polysilicon  layer.  The  n-char.nel  drain/source 
contacts  are  completely  covered  by  polysilicon.  The  p-channel  drain/source 
diffusion  and  the  n-doped  polysilicon  are  linked  by  platinum  silicide.  The 
silicided  polysilicon  can  be  used  as  a  first  metal  level.  It  can 
interconnect  all  kind  of  MOS  contacts,  n-  and  p-channel. 

The  second  metal  is  1.2  /am  thick  aluminium  with  2  %  silicon.  Between 
platinum  silicide  and  aluminium  a  170  nm  thick  barrier  layer  of  titanium  is 
inserted.  A  third  metal  level  is  available.  Figure  2  shows  the  cross 
section  of  the  1.5  /im  Bipolar/CMOS  device  structures. 


3  DEVICE  PERFORMANCE 

Table  1  gives  a  summary  of  the  performance. 


3.1  NPN  DEVICE  PERFORMANCE 

Bipolar  transistors  with  a  performance  comparable  to  those  produced  by 
conventional  collector  implanted  bipolar  processes  were  fabricated.  The 
current  gain  was  80  and  independent  of  the  collector  current  up  to  10  nA. 
The  breakdown  voltages  were  BVEBO  «  6.5  V,  BVCBO  -  18  V  and  BVCEO  -  6.5  V. 
The  transition  frequency  fT  was  1.5  GHz  for  CIT  1  and  5.0  GHz  for  CIT  2. 


3.2  CMOS  DEVICE  PERFORMANCE 

The  threshold  voltages  and  the  transistor  conductance  (W/L  -  1)  of  the  CIT  1 
devices  are  Vth  -  1.75  V,  Beta  -  8  u A/V2  for  the  n-channel  transistor  and  Vth 
«  -1.75  V,  beta  «  8  juA/v2  for  the  p-channel  transistor.  Using  1  additional 
mask  the  threshold  voltages  can  be  adjusted  independently  for  the  n-  and 
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p  channel  transistors.  By  using  the  n-well  as  a  lighty  doped  drain  for  the 
n-channel  MOS  transistor  a  drain/source  breakdown  voltage  of  typically  40  V 
was  measured. 

The  CIT  2  devices  threshold  voltages  and  conductances  (W  /  t,  -  1)  are  Vth  » 
0.8  V,  Beta  =  50  /uA/V2  for  the  n-channel  transistor  and  Vth  -  -  0.8.V,  Beta  » 
30  ^uA/V2  for  the  p-channel  transistor. 


3.3  CIT  2  BASIC  GATES 

To  evaluate  the  basic  gate  delay,  ringoscillators  with  51  stages  were 
fabricated.  The  minimum  bipolar  propagation  delay  time  at  1.25  W  is  180  ps 
for  a  fan  out  of  2.  The  CMOS  oscillator  is  interconnected  only  by 
polysilicon  lines.  Its  minimum  propagation  delay  is  280  ps  for  a  fan  out  of 
1 . 


4  CONCLUSION 

2.0  urn  and  1.5  um  nonepitaxial  Bipolar/CMOS  processes  with  high  performance 
ECL  circuits  have  been  developed.  The  very  simple  metal  gate  process  CIT  1 
with  arsenic  implanted  emitter  needs  only  6  photolithographic  steps.  The 
high  speed  process  cit  2  uses  a  polysilicon  emitter  and  silicided  polysilicon 
lines  as  a  first  metal  level.  The  process  is  optimized  for  ECL  within  the 
Bipolar/CMOS  process.  The  minimum  bipolar  propagation  delay  is  180  ps.  Both 
processes  have  the  potential  for  monolithic  multifunctional  analog-  digital 
VLSI. 
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Table  1:  summary  of  the  BICMOS  device  performance 
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fig.l:  cross  section  of  the  CIT  1  BICMOS  device  structures 
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Fig. 2:  cross  section  of  the  CIT  2  BICMOS  device  structure 
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Abstract  -  The  photo  response  of  a  standard  high-speed  self-aligned  silicon  bipolar  tran¬ 
sistor  has  been  investigated-  The  photosignal  of  the  base  collector  diode  is  found  to  con 
sist  of  at  least  two  current  components.  Optical  detection  capabilities  are  demonstrated 
by  excitation  with  modulated  laser  light  at  830 nm  wavelength  up  to  data  rates  of  2.5  Gbit/s. 


I  -  INTRODUCTION 

The  development  of  double  polysilicon  (poly-Si)  self  aligning  bipolar  technology  has  provi 
ded  a  drastical  increase  of  speed  as  well  as  reduced  power  consumption  [1]  Those  goals 
are  reached  by  cutting  down  the  parasitics  by  using  the  self  aligned  emitter  base  conftgu 
ration  as  well  as  by  scaling  down  the  vertical  dimensions  enabled  by  the  polysilicon  emit 
ter  In  this  work  it  is  shown  that  these  vertical  npn  standard  bipolar  transistois  have  additional 
ly  an  optical  detection  capability  with  high  sensitivity  and  remarkably  good  frequency  response 

2- EXPERIMENTAL 

We  report  on  the  photo  response  of  the  base-collector  (DC  )  diode  of  a  vertical  npn  transis 
tor  fabricated  using  a  self-aligning  silicon  bipolar  process  Fig  .1  shows  a  cross  section  of 
the  transistor  and  gives  the  most  important  dimensions  and  transistor  parameters.  Polycrystal - 
line  silicon  layers  arc  used  as  diffusion  sources  and  as  interconnections  to  the  base  and 
emitter  contacts.  To  improve  the  optical  sensitivity  the  emitter  contact  is  located  about  iOjim 
away  from  the  intrinsic  transistor  so  that  the  emitter  window  enables  intorband  light  to  pone 
Irate  into  the  DC  junction  This  special  transistor  does  not  demand  lot  any  additional  process 
stops  in  comparison  to  the  processing  of  the  standard  npn  transistor. 

A  GaAlAs  semiconductor  laser  beam  with  a  wavelength  830nm  was  used  for  optical  exet 
lation  Light  intensity  and  laser  pulse  shape  were  monitored  by  use  of  a  calibrated  silicon 
photo  diode 

To  determine  the  sensitivity  of  the  BC  diode  the  laser  was  driven  by  a  dc  current  source 
The  transient  signal  was  investigated  by  application  of  a  pulse  generator  and  a  bit  pattern 
generator  for  modulation  of  the  laser  current  Fig.2  shows  the  measured  dc  photocurrent  as  a 
function  of  the  light  input  power  The  photosignal  increases  lincarily  within  the  range  of 
10 7mW  to  ImW  of  optical  power.  The  sensitivity  is  about  0.046A/W  corresponding  to  a 
quantum  efficiency  of  7%.  This  is  in  agreement  w‘th  the  limited  vertical  extensions  of  the  de 
vice  due  to  the  shallow  doping  profile  needed  for  transit  frequency  greater  than  12GHz  The 
depth  of  the  collector  of  1 6(im  has  to  be  compared  with  the  light  penetration  depth  1/a  %  20(im. 
whore  a  is  the  absorption  coefficient  of  silicon  at  the  used  wavelength 
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Fig.l  -Data  and  cross  section  of  the  self  aligned  transistor 


n-polySi 


Tig.  2  -  Photocurrent  versus  incident  optical  power.  The  insert  shows  schematically  the  experi 
mental  arrangement. 

The  transient  behaviour  of  the  photosignal  due  to  the  excitation  with  a  trapezoidally  shaped 
light  pulse  is  shown  in  Fig. 3.  The  photo  response  S(t)  plotted  as  SQ-S(t)  for  the  signal  rise 
and  as  S(t)  for  the  decay,  where  S  is  the  steady  state  peak  signal,  shows  a  fast  and  a  slow 
component  The  fast  component  de?ines  the  first  half  of  the  total  signal  stroke  and  follows  in 
stantaniously  the  laser  pulse  with  a  time  constant  less  than  250ps  and  370ps  for  signal  rise 
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and  decay,  respectively.  For  both  transients  the  photocurrent  approaches  the  final  value 
with  an  exponential  time  constant  X  -  0.55ns  of  the  slow  component. 

Complementarily  to  the  transient  behaviour  is  the  frequency  dependence  of  the  photosignal. 
Fig.4  shows  a  decay  of  about  20dD/decade  of  the  photocurrent  at  modulation  frequencies 
above  2  GHz. 


Fig.  3  Rise  and  decay  of  the  photosignal  S(t)  normalized  to  the  peak  signal  So  due  to  pul 
sed  excitation 


Fig.4  -  Frequency  response  of  the  photosignal  due  to  sinusoidal  excitation 
3  -  DISCUSSION 

To  understand  the  time  and  frequency  dependence  of  the  photocurrent  various  time  delays 
of  the  BC  diode  have  to  be  taken  into  account  [3]  The  time  constant  X;  ^  10  ps  given  by 
the  product  of  the  base  -  collector  junction  capacitance  CBC  with  the  sum  of  the  external  ba 
se  and  collector  resistance.  RB  +  RC  has  not  much  influence  on  the  transient  signal.  Similanly 
the  drift  time  Xdfc  5ps  of  the  carriers  through  the  depletion  layer  cannot  be  responsible  for 
the  much  greater  delay  measured.  The  dominant  contribution  to  the  transient  behaviour 
originates  from  the  photon  absorption  in  the  undepleted  regions  of  the  external  base  and  of 
the  collector.  As  the  minority  carrier  lifetime  in  highly- doped  polycrystalline  silicon 
(NAUt  101<?  cm'3)  is  shorter  than  Ins  [4],  the  main  effect  will  be  given  by  the  relatively  large 
vertical  extension  of  the  collector  layer.  The  time  delay  X  f  due  to  the  diffusion  of  minority 
carriers  towards  the  junction  is  approximately  given  by  [5] 

T  = 

Ld.rr  2.4  •  D 
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where  d  is  the  width  of  the  absorption  region  and  D  is  the  minority  carrier  diffusion  constant 
As  the  collector  doping  concentration  increases  towards  the  buried  layer,  the  diffusion  con 
slant  varies  locally.  For  d=  1.6(im  and  a  reasonable  average  value  of  D=  20cm2s'1  we  find 
Xdjff  =  0.5  ns  being  of  the  same  order  as  the  time  constant  of  the  observed  slow  component. 
As  a  result  we  find  that  the  total  photosignal  consist  of  at  least  two  current  components.  A 
fast  component  originates  from  the  absorption  of  photons  in  the  depletion  layer  of  the  diode 
and  a  slower  component  with  a  time  constant  x=  0.55ns  is  due  to  a  diffusion  process  of  mi¬ 
nority  carriers  to  the  junction. 


Fig. 5  -  Light  pulse  pattern  at  700Mbit/s  (a)  and  2.5Gbit/s  (b)  detected  by  the  transistor 
DC -diode  (upper  trace)  and  by  a  fast  Si  photodiode  (lower  trace).  Both  signals  are  inverted 

Fig. 5  shows  the  response  of  the  photodiode  in  comparison  to  the  incident  laser  light.  The 
laser  was  driven  by  a  bit  pattern  generator  at  the  data  rates  of  700  Mbit/s  (a)  and  2.5 Gbit/s 
(b).  respectively.  The  lower  curve  represents  the  photosignal  of  the  reference  photo  diode, 
the  upper  one  is  the  generated  photocurrent  measured  at  the  load  of  500  In  the  photo 
graphs  taken  from  the  screen  of  a  sample  oscilloscope  switching  on  the  light  corrsponds  to 
the  falling  flanks  and  vice  versa.  The  slow  component  limits  the  bandwidth  and  leads  to  a 
reduced  signal  stroke  at  high -low -high  and  low  high -low  sequences  The  two  photocurrent 
components  are  most  obvious  when  looking  at  the  transition  from  light  off  to  light  on  in 
Fig. 5 (a).  For  data  rates  bolow  tho  multi  Gbit/s  range,  especially  for  140 Mbit/s  and 
560Mbit/s  the  transistor  is  a  suitable  detector  without  any  restriction  with  respect  to  speed 
Dy  use  of  a  limiting  amplifier  data  rates  up  to  2.5Gbit/s  can  still  satisfactorily  be  detected. 

4  -  SUMMARY 

In  summary  modern  self -aligned  silicon  bipolar  transistors  are  promising  devices  for  on-chip 
detection  of  light  with  a  wavelength  smaller  than  900nm  and  data  rates  up  to  2.5Gbit/s.  the 
benchmark  of  future  optical  communication  networks.  The  investigated  device  is  the  base- 
collector  diode  of  an  integrated  vertical  npn  -  transistor,  fabricated  in  a  double  poly -Si  self 
aligning  bipolar  process 
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AN  IMPROVED  FULLY  CMOS  COMPATIBLE  BIPOLAR  STRUCTURE 
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Resume  -  Une  technologie  bipolaire  compatible  CMOS  £tudi£e  au  CNET  a  6t§  simul£e  par  le 
programme  TITAN  5.  Pour  diminuer  la  resistance  collecteur,  une  m^thode  incluant  la 
formation  de  tranches  A  fond  permeable  a  6t£  imagin6e.  La  simulation  process  permet 
d’etudier  l’int6r§t  d’une  telle  technique. 

Abstract  -  A  fully  CMOS  compatible  bipolar  technology  is  studied.  2-D  process  simulations 
of  the  device  have  been  carried  out  before  wafer  processing  ;  comparisons  of  the  results 
with  experiments  are  presented.  A  new  idea  for  making  the  collector,  without  standard 
epitaxy  of  a  highly  doped  buried  layer,  is  described.  The  2-D  simulation  results  enable 
the  advantages  to  be  checked  with  regard  to  the  classical  approach. 


1-  INTRODUCTION 

To  decrease  the  collector  access  resistance  in  BICMOS  technology,  the  classical  techniques  are 
to  form  a  buried  collector  by  epitaxy,  or  to  make  a  highly  doped  ’’retrograde  well”  with  high 
energy  and  dose  implant  /l/.  This  latter  technique  could  be  used  in  CMOS  technology,  but  it 
requires  high  dose  and  energy  machines  and  is  sensitive  to  certain  mask  problems. 

The  alternative  idea  presented  here  is  to  use  trenches  (filled  with  highly  doped  polysilicon)  as 
the  collector  contact  as  well  as  additional  dopant  source  for  the  collector,  acting  as  a  buried 
layer.  This  technique  has  the  advantage  of  not  needing  any  additional  thermal  or  ionic  implant 
step.  The  only  additional  steps,  which  come  just  after  the  formation  of  the  locos  and 
implantation  of  the  retrograde  well,  are  the  formation,  oxidation  and  polysilicon  filling  of  the 
trenches.  This  technique  is  fully  CMOS  compatible,  and  avoids  selective  epitaxy  for  the  buried 
layer  of  the  collector.  But,  of  course  this  is  not  simple  to  achieve.  Process  simulation  of  this 
structure  has  been  performed,  in  order  to  validate  the  theoretical  interest  of  this  technology. 
Different  values  have  been  tested  for  the  doping  concentration  and  trench  depth. 


2-  PRESENTATION  OF  BICMOS  MAIN  STEPS 

The  process  flow  is  the  same  as  in  the  1  micron  CMOS  technology  developed  at  the  CNET,  with  only 
one  additional  mask  level.  The  bipolar  transistor  process  steps  are  those  of  the  Nwell  PMOS 
transistor,  except  for  one  additional  ionic  implant  of  boron  to  adjust  the  intrinsic  base  and 
the  gate  oxide  etching  before  polysilicon  deposition.  These  two  process  steps  use  the  same  mask. 

The  main  features  are  the  following  :  the  gate  arsenic-doped  polycide  acts  as  the  emitter 
contact  and  as  a  doping  source  for  the  emitter.  After  polycide  etching,  a  lightly  doped 
extrinsic  base  region  (LDEB)  is  implanted  before  deposition  of  the  oxide-sidewall,  to  reduce  the 
base  resistance  (Rbb’).  SiOj  spacers  (0.3  microns  wide)  are  used  for  the  self-alignment  of  the 
extrinsic  base.  The  drive  in  of  the  emitter  and  the  dopants  activation  are  obtained  during  the 
final  RTA.  Note  that,  without  the  additional  implantation  of  the  intrinsic  base,  a  very  shallow 
base  can  be  obtained,  resulting  from  the  diffusion  of  the  boron  which  has  been  implanted  into 
the  silicide  at  the  extrinsic  base  implantation  step.  The  N  well  acts  as  the  collector.  In  order 
to  improve  the  performances  of  the  bipolar  and  the  resistance  to  the  iatch-up  of  the  CMOS 
devices,  a  retrograde  well  is  used. 
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3-  SIMULATION 

The  process  simulations  of  the  transistor  have  been  performed  using  the  TITAN-5  program,  which 
allows  multi-mayer  ionic  implantation  and  diffusion  to  be  simulated.  This  helped  to  choose  the 
energy  and  dose  of  the  additional  base  implant.  Profile  calculations  are  made  in  polycide  and 
silicon  ;  values  of  the  segregation  coefficient  and  diffusivity  have  been  chosen  in  accordance 
to  /2/  and  the  results  are  in  good  agreement  with  SIMS  and  electrical  measurements  (Figure  1).  A 
complete  study  of  arsenic  and  boron  codiffusion  in  the  three  layers  WSlx,  polysilicon,  silicon 
is  to  be  published  in  the  near  future. 

Simulation  of  the  complete  structure,  including  the  collector  contact,  can  be  provided,  using  a 
very  sharp  meshing  in  the  active  area  (Figure  2). 


4-  SIMULATION  OF  AN  IMPROVED  BIPOLAR  TRANSISTOR  :  A  BURIED  DIFFUSED  COLLECTOR 

The  structure  simulated  is  shown  in  Figure  3.  The  trenches  are  formed  after  the  locos  formation, 
in  the  same  way  as  insulation  trenches  ;  they  are  then  slightly  oxidized,  and  the  oxide  and  the 
silicon  are  etched  anisotropically ,  so  that  the  trench  becomes  permeable  to  the  dopant  species. 
The  trenches  are  then  filled  with  highly  doped  polysilicon  (Phosphorus,  10’“  to  3. 10 20 
atoms/cm*).  During  the  thermal  annealing  used  for  the  retrograde  well  (150  mn,  1050°C),  the 
dopant  diffuses  in  the  silicon,  making  a  zone  equivalent  to  the  collector  buried  layer  of  the 
epitaxial  technology.  The  simulations  have  been  made  on  a  4  micron  wide  structure.  Three 
simulations  have  been  carried  out  with  a  1.6  pm  wide  end  2.2  pm  deep  trench,  with  a  phosphorus 
concentration  from  10s 0  to  3.10s 0  atoms/cm1.  At  each  time,  the  square  resistance  of  the 
collector  has  been  calculated  for  several  cross-sections  (Figure  4). 

With  10s  °,  the  square  resistance  remains  1.2  kQ  from  X  =  3pm  to  4pm.  To  obtain  a  resistance  of 
100  O  the  position  should  be  at  X  =  2pm,  which  means  that  the  dimensions  have  to  be  reduced  by 
2pm,  which  is  not  feasible. 

With  2.10s  the  resistance  is  1.2  kfi  at  X  =  4pm,  393  Q  at  X  =  3pm.  This  means  that  reducing 
the  dimensions  by  only  lp  is  sufficient  to  obtain  a  real  improvement  in  the  resistance. 

With  3.10s0,  the  resistance  is  973  D  at  X  r  4pm,  80  0  at  X  s  3pm.  The  collector  access 
resistance  value  is  low,  but  the  highly  doped  collector  area  is  too  close  to  the  base.  To 
overcome  this  problem,  another  simulation  with  a  deeper  trench  has  been  carried  out.  With  a 
phosphorus  concentration  of  3.10s °,  and  a  3  pm  deep  trench  (Figure  5),  the  transistor  active 
area  remains  optimized,  as  expected.  Moreover,  the  collector  access  resistance  has  been 
reduced  :  43  Q  at  X  =  3pm,  134  O  at  X  =  3.5  pm,  435  O  at  X  :  4  pm.  This  is  due  to  the  fact  that 
the  total  phosphorus  dose  in  the  polysilicon  trench  is  higher,  and  therefore  the  phosphorus 
depletion  of  the  trench  is  slower.  At  the  end  of  the  process,  the  remaining  phosphorus 
concentration  in  the  polysilicon  is  2.10s  0  atoms/cm3 ,  instead  of  1.5.10s0  with  the  2  pm  deep 
trench. 


5-  CONCLUSION 

A  general  2-D  simulator,  which  makes  no  assumption  on  the  structure,  can  be  used  as  a  predictive 
tool,  to  validate  new  ideas,  before  starting  the  process  itself.  In  this  case  a  new  technique 
for  processing  fully  CMOS  compatible  bipolar  transistors  without  epitaxy  has  been  investigated. 
Simulations  show  that  a  very  low  collector  access  resistance  can  be  obtained  without  disturbing 
the  transistor  behaviour,  provided  a  3  pm  deep  trench,  which  is  dopant  permeable  at  the  bottom 
and  insulated  at  the  sides,  can  be  achieved. 


Fig.  1  -  Intrinsic  transistor  area.  Fig.  3  -structure  of  the  Bipolar  T. 

Cross-section  of  As  and  B  concentrations.  The  trench  and  emitter  widths  have  to 

SIMS  measurements:  be  divided  by  a  factor  2  for  the 

•*  B  with  boron  adjustement  implantation  simulation.  The  real  trench  width  is 

•  B  without  (the  same  as  *  in  polycide)  1.6  microns. 

•  As  in  both  cases 
Simulation  results 


X  fl'l? 


Fig.  2  -Exemple  of  meshing. 


Fig.  5  -cross-sections  of  the  doping  concentration  at  XO.2  um  and  X=4  urn 
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Abstract  -  A  high  speed  BICMOS  process  with  a  polysilicon  bipolar  transistor  is  presented.  Using  this 
technology  the  well  optimization  is  outlined.  Different  approaches  to  construct  the  well  are  compared  to 
improve  the  high  current  behaviour  of  the  bipolar  transistor.  Influences  on  the  parasitics  are  discussed 
Using  the  optimized  process  version  bipolar  transistors  with  a  cut-off  frequency  of  9.5  GHz  were 

L.L.  cateJ. 


1  -  INTRODUCTION 

Among  the  many  tasks  in  the  development  of  a  BICMOS  process  the  optimization  of  the  well  is  the  most 
specific  one.  The  reason  for  this  is  that  the  well  configuration  necessary  for  appropriate  performance  of  all 
BICMOS  devices  is  not  used  in  pure  CMOS  or  in  bipolar  processes.  Although  there  are  many  reports  on  BICMOS 
published  so  far,  this  is  the  first  one  describing  a  thorough  optimization  of  this  process  block. 

In  this  presentation  we  first  give  a  brief  description  of  the  BICMOS  process  which  we  used  as  base-process 
for  optimization.  The  main  feature  of  this  BICMOS  process  is  the  use  of  arsenic  doped  polysilicon  for  the 
formation  of  the  emitter.  Next  the  general  optimization  strategy  is  outlined.  Three  approaches  are  presented 
then  to  maximize  the  current  drive  capability  of  the  bipolar  transistor  : 

-  1  :  single  antimony  buried  layer  (  Sb  -  BL  ) 

-  2  :  combined  antimony/phosphorus  buried  layer  (  Sb/P  -  BL  ) 

-  3 :  implantation  of  doubly  ionized  phosporus  to  increase  the  bipolar  well  doping  (  Sb  —  BL  +  P**  ) 

Pros  and  cons  of  these  approaches  are  discussed  with  respect  to  the  most  important  characteristics  of  a 
BICMOS  process  :  cutoff  frequency  and  Kirk  current  of  the  bipolar  transistor,  drain  junction  capacitance  of  the 
PMOST,  buried  layer  to  buried  layer  spacing  and  the  current  gain  of  the  parasitic  vertical  pnp  bipolar  transistor. 

2  -  PROCESS  DESCRIPTION 

The  optimization  approach  is  outlined  using  a  BICMOS  process  which  has  the  following  features  : 

CMOS  part  :  -  1.2  pm  n  -  well  CMOS  process 

-  2  layers  of  metal 

bipolar  part  :  -  antimony  buried  layer 

-  collector  sink 

-  polysilicon  emitter  bipolar  transistor 
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bipolar  tranaistor 


NMOST 


PMOST 


IVim 

Fig.  1  -  Cross- section  of  the  BICMOS  devices. 

The  cross-section  of  the  resulting  BICMOS  devices  is  sketched  in  Fig.  1.  As  depicted  m  this  figure  the  buried 
layer  is  used  both  beneath  the  bipolar  transistor  to  reduce  the  collector  series  resistance  as  well  as  beneath 
the  PMOST  to  avoid  punch  through  between  its  drain  and  the  p-type  substrate.  Reducing  the  punch  on  depth1 
of  the  buried  layer  improves  the  high  current  behaviour  of  the  bipolar  transistor  significantly  .  At  too  small 
values  of  this  quantity,  however,  the  junction  capacitance  of  the  PMOSTs  drain  is  increased. 

3  -  OPTIMIZATION  STRATEGY 


The  main  goal  for  the  optimization  of  the  well  process  was  both  not  to  degrade  the  performance  of  the  MOS 
transistors  in  comparison  to  the  device  performance  of  the  underlying  CMOS  process  as  well  as  to  have  a 
bipolar  transistor  capable  of  driving  high  current  densities  without  speed  degradation  .  Thus  for  optimization  a 
tradeoff  has  to  be  done  between  contrasting  requirements. 


First  we  checked  how  shallow  the  epi-layer  can  be  designed  without  significant  influence  on  the  device  perfor¬ 
mance  of  the  PMOST.  To  momtore  this  the  area-specific  drain  junction  capacitance  was  used.  The  goal  was  to 
keep  the  increase  of  the  value  of  the  drain  capacitance  averaged  over  the  5V  swing  rr  CMOS  logic  below  10X. 


Fig.  2  -  Dependence  of  the  averaged  drain  junction 
capacitance  of  the  PMOS  transistor  vs.  epi  -layer 
thickness 


Fig.  3  -  Doping  profiles  of  the  single  antimony 
buried  layer  process  and  the  combined  antimony/ 
phosphorus  buried  layer  process  version 
(  SUPREM-III  simulation  ) 


1  Distance  between  the  silicon  surface  and  the  1017  cm'3  concentration  point  at  the  rising  edge  of  the  buried 
layer  doping  profile 


1 
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The  results  of  this  experiment  are  shown  in  Fig.  2.  Doing  so  we  ended  up  with  a  minimal  punch-on  depth  at  the 
end  of  the  whole  process  of  approximately  0.85  to  0.9|im.  The  respective  epi  -  layer  thickness  is  1.6  pm  (see 
Fig.  2  ).  With  respect  to  this  boundary  condition  the  high  current  behaviour  can  only  be  improved  further  by 
increasing  the  collector  doping  concentration  via  a  combined  antimony/phosphorus  buried  layer  or  a  high  energy 
implant  of  phosphorus  into  the  bipolar  well.  None  of  these  two  approaches  require  additional  masking  steps. 

4.  -  RESULTS 

4.1  -  THE  CUT-OFF  FREQUENCY 


SUPREM-III  simulation  of  the  process  version  with  the  single  Sb-buried  layer  show  that  there  is  a  considerable 
concentration  dip  right  in  front  of  the  antimony  buried  layer  (  Fig.  3  ).  Due  to  the  low  doping  concentration 
within  the  dip  that  value  of  jc  which  marks  the  10X  roll  off  point  of  fT  is  as  low  as  0.16  mA/pm2  (  Fig.  4  ). 
This  value  of  j  is  furtheron  denoted  as  the  Kirk-current  density  j  . 

One  way  to  eliminate  this  concentration  dip  is  the  use  of  the  combined  Sb/P-buried  layer.  This  kind  of  a 
conducting  layer  is  formed  by  a  double  implantation  using  both  antimony  as  well  as  phosphorus  as  dopant 
material.  Thus  the  n-well  above  the  buried  layer  is  not  only  formed  by  'down'  -  but  also  by  ‘up'-diffusion  of 
phosphorus.  As  the  n-well  doping  is  enhanced  not  only  within  the  bipolar  but  within  the  PMOST  regions  as  well, 
the  epi-layer  thickness  was  somewhat  increased  to  maintain  unchanged  drain  junction  capacitancies.  Comparing 
the  fT  vs.  jc  plots  both  for  the  simple  Sb-BL  as  well  as  for  the  Sb/P-BL  a  considerable  improvement  in  the 
Kirk-current  density  was  reached  (  jK  =  0.16  mA/pm2  for  Sb-BL  and  j  =  0.37  mA/pm2  ,  Fig.  4  ).  This,  of 
course,  leads  to  an  improvement  of  the  maximum  fT  value  too  from  6.7  6Hz  to  9.2  GHz. 


The  second  possibility  to  increase  the  current  drive  capability  of  the  bipolar  transistor  is  to  increase  the  bipolar 
well  doping  by  an  implantation  of  doubly  ionized  phosporus .  Doing  this  together  with  the  base  implantation  no 
additional  masking  step  is  necessary.  The  doping  profile  which  results  from  this  approach  is  given  in  Fig.  5. 
The  respective  fT  vs.  jc  dependence  is  sketched  in  Fig.  4.  The  maximum  fT  for  this  process  version  is  9.5 
GHz.  The  respective  Kirk-current  density  is  0.4  mA/pm2. 


Fig.  4  -  Measured  cut  -  off  frequencies  vs.  collector 
current  densities  for  the  process  versions  single 
antimony  buried  layer,  combined  antimony  /phosporus 
buried  layer  and  the  enhanced  bipolar  n-well  by 
doubly  ionized  phosporus  implantation 


layer  process  version  and  the  enhanced  bipolar  n-well 
version  by  implantation  of  doubly  ionized  phosphorus 
(  SUPREM  -  III  simulation  ) 


C4-100 


JOURNAL  DE  PHYSIQUE 


4.2  -  BURIED  LAYER  TO  BURIED  LAYER  SPACING 

One  of  the  main  quantities  which  determines  the  packing  density  of  mixed  CMOS/bipolar  circuits  is  the  BL-BL 
spacing.  Due  to  the  use  of  the  shallow  LOCOS  isolation  in  BICMOS  processes  the  channel  stopper  does  not 
block  the  space  charge  regions  of  the  buried  layers  as  effectively  as  in  pure  bipolar  processes. 


BL-BL  spacing/jim  normalized  Ppnp 

Sb  -  BL  6  1 

Sb/P  -  BL  8.5  0.8»10_1 

Sb  -  BL  +  P~  6  10'1 

Tab.1  -  BL-BL  spacing  and  the  nomalized  current  gain  (Ipnp 
of  the  parasitic  pnp 

Because  of  the  lateral  out-diffusion  of  the  phosphorus  buried  layer  (  Sb/P  -  BL  )  during  the  buried  layer  and 
the  n-well  drive-  in  the  BL-BL  spacing  is  quite  large  compared  to  those  of  the  other  approaches .  The  spacing 
of  these  process  versions  are  equal  of  course  because  the  P**  ions  are  implanted  at  a  late  stage  of  the 
process  flow.  Thus  no  significant  diffusion  occurs. 

4.3  -  CURRENT  GAIN  OF  THE  PARASITIC  PNP 

Again  due  to  the  shallow  LOCOS  isolation  each  bipolar  transistor  which  is  not  entirely  surrounded  by  a  collector 
smk  guard  ring  is  a  possible  source  of  leakage  currents  in  case  of  saturated  bipolar  action.  The  reason  for  this 
is  the  parasitic  vertical  pnp  which  is  formed  by  the  inactive  base  and  the  collector  of  the  regular  npn  transistor 
together  with  the  p-type  substrate.  To  reduce  possible  leakage  currents  Ppr|p  has  to  be  as  low  as  possible. 
The  results  again  are  given  in  Tab.1.  Due  to  the  concentration  dip  which  occurs  in  case  of  the  single  Sb-BL 
process  (  see  Fig.  3  )  the  current  gain  of  this  parasitic  pnp  device  is  far  too  high.  Compared  to  that  both  the 
approach  with  the  Sb/P  buried  layer  as  well  as  with  the  P**  implantation  yield  an  improvement  of  one  decade 
approximately. 

5  -  SUMMARY  ANO  CONCLUSIONS 

In  this  paper  a  high  speed  BICMOS  process  is  presented.  Different  schemes  to  construct  the  well  were  com¬ 
pared.  It  was  shown  that  the  single  antimony  buried  layer  combined  with  a  doubly  ionized  phosphorus  implanta¬ 
tion  is  the  best  approach  both  with  respect  to  bipolar  performance  as  well  as  with  respect  to  reduced  parasitic 
effects.  The  cut-off  frequency  obtained  with  this  process  version  is  9,5  GHz.  The  current  density  which  marks 
the  10X  roll  off  point  is  0.4  mA/(im2.  ECL  ringoscillators  with  a  voltage  swing  of  2«200mV  designed  with 
minimum  size  bipolar  transistors  and  a  one  sided  base  contact  show  minimum  gate  delays  of  140  ps.  Thus  the 
BICMOS  process  presented  is  a  promising  candidate  for  mixed  ECL/CMOS  circuits  on  the  same  chip. 
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Abstract  -  This  paper  describes  a  double  polysilicon  bipolar  process 
incorporating  a  novel  self-aligned  emitter-base  and  deep  trench 
isolation.  The  process  has  been  designed  primarily  for  ultra  high 
speed  by  minimising  parasitic  capacitances,  and  also  offers  high 
packing  densities.  The  performance  of  the  technology  is  demonstrated 
by  a  1/8  static  divider  operating  at  a  frequency  of  10.7GHz.  Other 
representative  SSI  functions  are  also  described. 


1  -  INTRODUCTION 

Recent  advances  in  silicon  bipolar  technology  have  been  responsible  for  sub  50ps 
gate  delays  in  ring  oscillator  circuits  and  demonstrated  maximum  operating 
frequencies  of  10.38GHz  in  high  speed  divider  circuits  [1,2).  Generally,  this 
performance  is  attributed  to  a  device  structure  incorporating  double  overlapping 
polysilicon  and  emitter-base  sidewall  spacer  technology,  thus  minimising 
parasitic  capacitances  due  to  a  reduction  in  device  size. 

Several  bipolar  processes  to  date  incorporate  a  modified  LOCOS  isolation  (3,4). 
This  paper  describes  a  1pm  process  primarily  aimed  at  ultra  high  speed  circuits, 
and  includes  a  two  layer  polysilicon  structure  with  self-aligned  emitter-base 
and  utilises  deep  trench  for  isolation  of  the  device.  This  potentially  offers 
low  buried  n+  to  channel  stop  capacitance,  high  packing  density,  and  near  planar 
topography  for  compatibility  with  multi-level  metallisation  systems.  A  1/8 
frequency  divider  operating  at  10.7GHz  is  reported  along  with  several  other 
small  scale  demonstrator  circuits. 

2  -  PROCESS  TECHNOLOGY 

Device  processing  begins  with  the  growth  of  a  1pm  epitaxial  layer  over  a  20 
ohms/D  buried  n+  collector.  Trenches  1pm  wide  by  5.5pm  deep  etched  through  a 
sacrificial  CVD  oxide  mask  provide  device  isolation.  A  channel  stop  implanted 
at  zero  angle  controls  the  parasitic  MOS  threshold  and  suppresses  the  gain  of 
the  parasitic  buried  n+/substrate/buried  n+  transistor.  All  masks  are  stripped 
and  the  trenches  are  refilled  with  a  composite  dielectric  sidewall  and 
polysilicon.  The  sidewall  comprises  thermal  oxide,  CVD  nitride  and  a  layer  of 
low  temperature  oxide  ( LTO ) .  Following  polysilicon  etchback,  the  LTO  layer  is 
stripped  and  the  active  area  patterned.  Field  oxiue  is  then  grown  resulting  in 
the  structure  shown  in  figure  1(a).  The  continuous  nitride  layer  lining  the 
trench  and  active  area  prevents  bird's  beak  encroachment. 

The  process  sequence  up  to  emitter-base  formation  includes  an  n+  implant  to  form 
the  deep  diffused  collector,  the  removal  of  dielectrics  over  the  active  area, 
and  the  deposition  and  patterning  of  the  p-  poly  extrinsic  base  contacts.  This 
layer  of  polysilicon  is  protected  by  nitride  over  the  active  areas  and  oxidised 
in  the  field  region.  This  provides  thicker  field  oxide  for  minimised 
interconnect  capacitance,  and  a  planar  topography  for  metallisation.  The 
nitride  is  susequently  removed  (see  figure  1(b)). 
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Emitter-base  formation  starts  with  the  deposition  of  LTO  over  the  p- 
polysilicon.  A  1pm  emitter  window  is  anisotropically  etched  through  the  LTO  and 
p-  poly  layers.  Thermal  oxide  is  grown  and  a  layer  of  nitride  deposited,  during 
which  p-type  dopant  is  allowed  to  diffuse  from  the  polysilicon  into  the  single 
crystal  to  form  the  extrinsic  base.  The  intrinsic  base  is  then  implanted 
through  the  window  and  a  conformal  layer  of  polysilicon  deposited.  This  is  then 
anisotropically  plasma  etched  to  form  sidewall  fillets  0.2pm  wide  as  shown  in 
figure  1(c) . 

The  sacrificial  polysilicon  fillets  protect  the  periphery  of  the  nitride  and 
oxide  during  subsequent  dry  and  wet  etching  to  leave  the  emitter  window  (figure 
1(d)).  The  fillets  are  then  removed  by  chemical  etch.  This  method  leaves  the 
implanted  base  region  free  from  plasma  etch  damage.  A  TEH  cross-section  of  a 
fully  formed  sidewall  is  shown  in  figure  1(e). 

A  second  polysilicon  layer  is  deposited  and  implanted  with  arsenic.  After 
appropriate  patterning  and  etching,  the  emitter-base  junction  and  collector 
contact  are  formed  by  rapid  thermal  annealing.  The  collector  area  in  this 
process  sequence  is  treated  in  the  same  way  as  the  emitter.  A  cross  section  of 
this  structure  is  shown  in  figure  1(f). 

The  completed  device  has  a  self-aligned  PtSi/TiW  contact  structure  and  standard 
Al/Cu  interconnect.  Initial  circuits  were  designed  with  a  two  level  5pm  metal 
and  via  pitch.  More  advanced  circuits  were  successfully  manufactured  with  a 
3.5pm  contact  pitch  on  a  three  level  polyimide  based  metallisation  system.  A 
completed  device  is  shown  in  figure  2. 

3  -  DEVICE  PERFORMANCE 

A  gummel  plot  showing  the  DC  characteristics  of  a  typical  device  is  shown  in 
figure  3.  The  excellent  low  current  gain  behaviour  is  attributable  to  the  use 
of  a  thermal  oxide  as  part  of  the  sidewall  spacer  rather  than  deposited  oxide. 
The  shallow  emitter-base  structure  is  a  result  of  implanting  the  base  through 
dielectric  coupled  with  a  polysilicon  emitter  and  RTA  processing.  An  initial 
version  of  the  process  produced  Ft  values  of  14GHz.  Subsequent  development  has 
resulted  in  a  range  of  emitter-bases  with  Ft's  of  17-22GHZ.  Ft  curves  of  a 
standard  and  advanced  device  are  showr.  in  figure  4,  where  in  both  cases  the 
effective  emitter  area  was  0.6  x  14.4pm. 

The  use  of  trench  isolation  has  reduced  the  collector-substrate  capacitance  to 
half  that  of  LOCOS  and  improved  packing  density.  This  significantly  reduces  all 
parasitic  cacpacitances  and  improves  circuit  performance.  A  list  of  basic 
electrical  parameters  for  a  standard  1  x  5pm  device  is  shown  in  table  1. 

4  -  CIRCUIT  PERFORMANCE 

The  high  Ft  of  the  process  has  enabled  a  substantial  number  of  high  performance 
circuits  to  be  designed  and  fabricated.  For  example  sub  40ps  gate  delays  have 
been  achieved  on  ring  oscillators  with  a  fanout  of  1.  However,  ring  oscillators 
are  a  poor  example  of  high  speed  device  technology.  A  more  impressive 
demonstration  of  the  process  is  a  divide  by  8  function  operating  at  a  frequency 
of  8.8GHz.  This  incorporated  an  emittei-Lase  having  an  Ft  cf  17GHz,  nowever, 
the  more  advanced  emitter-base  with  an  Ft  of  22GHz  enabled  the  same  divide  by  8 
function  to  operate  at  10.7GHz.  The  input  and  output  waveforms  of  this  static 
frequency  divider  are  shown  in  figure  5. 

Other  SSI  functions  successfully  processed  and  evaluated  include  a  1  Kb  RAM,  a 
1.6GHz  universal  shift  register  and  an  8  bit  DAC  with  a  1.2ns  settling  time.  A 
micograph  of  the  DAC  is  shown  in  figure  6.  Several  other  pathfinder  products 
demonstrating  low  power  consumption  and  high  toggle  rates  have  been  reported 
elsewhere  (5],(6). 

5  -  CONCLUSION 

A  very  high  speed  manufacturable  bipolar  transistor  process  has  been  described. 
Trench  isolation  and  the  new  emitter-base  sidewall  technology  provide  high 
performance,  low  capacitances  and  high  packing  densities.  Several  SSI  functions 
have  been  evaluated  incorporating  transistors  operating  with  peak  FT's  of 
between  14GHz  -  22GHz.  The  performance  levels  obtained  from  these  circuits 
combined  with  the  yield  of  a  silicon  based  process  make  ultra  high  speed  VLSI  a 
reality. 
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Fig. 1(a)  Device  Isolation  formation 


Fig. 1(c)  Emitter-base  sidewall  spacer 
formation 


Fig. 1(d)  Spacer  after  polysilicon  removal 


Fig. 1(e)  TEM  cross-section  of  emitter-base 
spacer 


Fig. 1(b)  LOCOS  of  1st  layer  of  polysilicon 
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Fig. 1(f)  Device  prior  to  metal  deposition 


Fig. 4  Ft  curves  of  a  standard  and 

advanced  emitter-base  transistor 


Fig. 2  SEM  micrograph  of  a  completed 
transistor,  the  contact  pitch 
is  5pm 


2 

Fig. 3  Gummel  plot  of  a  1x5pm  emitter 
transistor  (as  drawn) 


Table  1  Typical  electrical  parameters 
2 

of  a  1x5pm  emitter  device 


Operating  voltage 

5V 

Forward  beta 

100 

Base  resistance 

1500 

Collector  resistance 

750 

Emitter  resistance 

ion 

Emitter-base  capacitance 

19IF 

Collector-base  capacitance 

171F 

Base  transit  time 

6.5pS 

Maximum  cut-off  frequency 

14GHz 

Fig. 5  Oscilloscope  trace  of  the  input 
and  output  waveforms  of  a  divide 
by  8  function  running  at  10.7GHz 


Fig. 6  A  photograph  of  the  8  bit  DAC 
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RESUME 

Une  technologie  bipolaire  rapide,  de  dimension  critique  micronique,  utilisant  I'isolement 
par  sillons  et  un  emetteur  en  polysilicium  a  et£  evalude  et  caracterisde.  Une 
demonstration  du  rendement  de  la  technologie  a  6t6  r6alis6e  sur  un  circuit  VLSI  de  10000 
portes. 

ABSTRACT 

A  one  micron  bipolar  process  using  trench  isolation  and  polysilicon  emitter  has  been 
evaluated  and  characterised.  The  demonstration  of  yield  was  achieved  on  a  10000  gate 
VLSI  circuit. 


1.  INTRODUCTION 

Very  high  speed  circuits  are  required  for  super  computers  and  communication  systems. 
Bipolar  technology  has  remained  the  technology  of  choice  for  applications  where  circuit  speed  is 
of  primary  importance,  it  has  also  demonstrated  its  VLSI  capability  as  well.  The  key  elements  of 
the  advanced  bipolar  technology  are  filled  deep  trench  isolation,  seif  aligned  emitter  base 
structure  and  polysilicon  emitter  contact  (1),(2). 

Both  the  self  aligned  structure  and  the  trench  isolation  greatly  reduce  the  device  area  and 
the  associated  parasitic  capacitance,  and  hence  significantly  reduce  the  power  delay  product 
and  increase  the  density  of  bipolar  devices.  However,  yield  is  hard  to  assess  with  a  trench 
isolation  process,  as  it  remains  difficult  to  perfectly  fill  the  trenches  avoiding  holes  and  crevices, 
and  also  to  stop  defect  generation  from  the  top  corners  of  the  trench.  In  order  to  characterise  the 
trench  isolation  process  in  terms  of  defect  generation  and  reproducibility,  an  advanced  process 
has  been  set  up  (3),  with  one  micron  critical  dimension,  using  only  one  polysilicon  level  for 
polyemitter.  A  10K  gate  VLSI  circuit  was  processed  with  this  technology,  in  order  to  demonstrate 
the  yield  of  a  trench  isolated  bipolar  process. 


2.  .MAIN-FEATURES  OF  It IE  PROCESS 

The  process  is  set  up  using  1  pm 
design  rules  .The  photolitographic  steps  are 
implemented  on  CENSOR  SRA  9535  , 
allowing  submicron  features  .  The  lateral 
isolation  between  components  is  provided  by 
deep  trenches.  The  emitter-base  structure 
shows  improved  performance  by  adding  a 
polysilicon  layer  between  the  metallic  contact 
and  the  monosilicon  emitter  region  .  Finally 
the  interconnect  system  requires  one 
polycide  and  two  metal  levels.  Figure  1 
shows  a  cross  section  of  the  basic  transistor. 
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Deep  trench  isolation 

After  full  sheet  As  buried  layer  implantation  followed  by  1 .2  pm  thick  epitaxy  deposition  , 
trenches  of  1.2pm  wide  and  5pm  deep  are  used  for  lateral  isolation  .Special  requirements  for 
trench  isolation  have  been  described  previously  (4);  and  a  conventionnal  process  of  trench 
etching  and  filling  was  developed  as  follows  : 

_  reactive  ion  etching  of  monosilicon  with  CCU  and  N2  gases  using  an  etching  mask  of  stacked 
layers  of  thermal  silicon  dioxide,  LPCVD  nitride  and  PECVD  oxide  .  A  satisfactory  trench  profile 
was  achieved  with  this  process  ,  as  shown  in  figure  2.. 

_  oxidation  of  the  trench  sidewalls  to  provide  dielectric  isolation 
_  channel  stopper  implantation  at  the  bottom  of  the  trench 

_  conformal  undoped  polysilicon  deposition  in  the  trenches,  and  etch  back  planarisation  with  a 
sacrificial  resist  layer 

_  oxidation  for  field  oxide  and  polysilicon  capping  formation  with  a  conventionnal  locos 
technique 

In  order  to  demonstrate  yield  on  a  VLSI  circuit,  specific  studies  were  carried  out  to  achieve 
low  defect  generation  and  a  uniform  polysilicon  planarisation. 

-The  trench  bottom  can  be  rounded  by  controlling  the  redeposition  of  oxide  during  RIE  ,  to 
prevent  stress  from  the  bottom  corners  to  appear.  The  oxide  thickness  on  the  trench  sidewalls 
was  also  optimised.  For  field  and  capping  oxidation  ,  the  temperature  had  to  be  increased  up  to 
1000°C  to  prevent  screw  dislocations  to  propagate  from  the  top  corner  of  the  trench  .  In  these 
conditions  no  defects  were  revealed  by  Wright  attack  (fig. 3). 

-Amorphous  silicon  is  conformaly  deposited  in  the  grooves  .  The  thickness  of  the  layer  is  ajusted 
according  to  the  trench  width  .  The  etch  back  process  is  done  with  a  sacrificial  resist  layer ,  with 
an  end  point  detection  on  the  nitride  layer.  Then  an  approriate  oxidation  followed  by  a  wet  etch 
is  performed  to  remove  the  remaining  polysilicon  .  With  our  process  ,  the  uniformity  on  wafer  is 
satisfactory  ,  and  the  integrity  of  the  nitride  is  kept. 


Fig.  2-  Trench  profile 
Emitter  base  structure 


Fig.  3-  Defect  analysis  with  Wright  etch 


The  improvement  in  speed  for  bipolar  transistors  requires  very  shallow  emitter  base 
junction  .  However ,  reducing  the  distance  between  the  metallic  contact  of  the  emitter  and  the 
emitter-base  junction  leads  to  an  increase  of  the  injection  of  minority  carriers  into  the  emitter , 
and  thus  creates  a  degradation  of  the  current  gain.  The  problem  is  solved  by  adding  a 
polysilicon  buffering  layer  between  the  metallic  contact  and  the  monosilicon  emitter,  to  remove 
the  recombination  zone  further,  and  to  put  an  interface  barrier  to  the  diffusion  of  minority  carriers. 

After  intrinsic  base  implantation  with  boron,  a  200nm  thick  amorphous  Si  layer  is 
deposited  at  560°C  under  low  pressure  in  the  emitter  contact.  To  minimize  oxide  contamination, 
an  HF  dip  is  performed  prior  to  polysilicon  deposition.  Then  the  emitter  is  implanted  with  arsenic, 
and  after  silicon  etch,  a  10mn-975°C  thermal  treatment  leads  to  a  junction  depth  of  lOOnm  with  a 
140nm  wide  base.  SEM  of  this  structure  is  shown  in  figure  4.  The  doping  profile  obtained  from 
spreading  resistance  measurements  is  ploted  in  figure  5. 
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Fig.  4-  SEM  cross  section  of  the  intrinsic  transistor 
Interconnect 


Fig.  5-  Spreading  resistance  measurements 
of  the  emitter  base  structure 


The  interconnect  system  consists  of  one  polycide  and  two  metal  levels  .  The  pitches  are 
3pm  ,6pm  and  9pm  respectively . 

A  80  nm  thick  PtSi  is  formed  on  monosilicon  and  polysilicon  contact  in  order  to  realise  one 
interconnect  level  inside  the  cells.  A  500  nm  thick  plasma  CVD  Si02-P20s  isolates  metal  1  from 
polycide  .  Metal  1  consists  of  150nm  thick  TiW  barrier  and  500nm  thick  AISiTi  The  interlevel 
dielectric  between  metal  1  and  metal  2  is  made  of  150  nm  plasma  CVD  Si3N4  and  a  planarising 
layer  of  polyimide  .  The  nitride  layer  is  used  to  stop  hillock  formation.  Metal  2  consists  of  1 ,2pm 
thick  AISiTi.  The  circuit  is  finally  passivated  with  polyimide. 


3-PROCESS  EVALUATION 

The  one  micron  demonstrator  was  processed  on  wafers,  with  the  technology  described 
above.  The  basic  transistor  is  made  of  a  3-side  trench  walled  base  and  a  non  walled  emitter. 
The  transistor  area  is  109pm2,  and  the  size  of  the  emitter-base  junction  is  2.4x1pm2-  A  SEM 
cross  sectionnal  view  of  the  NPN  basic  transistor  is  shown  in  figure  6. 

Table  1  -  Electrical  characteristics 
of  the  basic  transistor 


Fig.  6-  SEM  cross  sectionnal  view  of  the  basic  transistor 


Electrical  characteristics  of  the  basic  transistor  of  the  demonstrator  are  given  in  tablel . 

The  Gummel  plot  (fig  7  )  shows  a  nearly  ideal  behaviour  down  to  lOOpA  collector  current,  for  the 
basic  transistor.  The  current  gain  remains  almost  constant  over  five  decades  of  collector  current. 

The  cut-off  frequency  is  8GHz  at  VCE=4V  and  lc*700pm.  For  a  transistor  with  a  longer 
emitter  (hence  smaller  base  resistance)  than  the  one  of  the  basic  transistor,  the  measured  Ft  is 
over  12GHz  (fig.8) 


Transistor  area 

109pm2 

Base  area 

46pm2 

Emitter  area 

2.4x1  pm2 

Intrinsic  gain  BF 

120 

IKF 

5.1mA 

RE 

13.4Q 

BVEBo 

6.21V 

BVCBo 

21V 

Buried  lay/subst. 

46.4V 

BVCEo 

7.8V 

CJE 

11.3fF 

CJC 

16.4fF 

CJS 

7fF 
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Fig.  7-  "Gummel  plot"  of  the  basic  transistor 
Ic.lb  versus  VBE  at  VCE=0 


Fig. 8-  Ft  versus  Ic  at  VCE=5V 

(NPN  TR3  -  Em=  1x7.2 pm2) 


4-YIELD  ASSESSMENT  ON  A  10K  SEA  OF  GATES 


The  functionnality  of  a  2048-stage  shift 
registers  was  demonstrated.  The  aim  of  this 
demonstrator  was  twofold:  first  to  illustrate 
the  process  capabilities  in  terms  of  speed, 
density,  and  power  consumption,  secondly  to 
estimate  the  yield  of  the  process  The  overall 
circuit  uses  35216  transistors  and  is  quite 
illustrative  of  the  capabilities  of  the  process 
technology.  Figure  9  shows  a  micrograph  of 
a  completed  chip.  The  chip  size  is 
8.16x10.6mm2.  High  frequency  and  speed 
were  tested  on  packaged  devices, 
demonstrating  performances  of  950MHz 
clock  frequency  for  the  shift  register,  with 
1.8mW  power  consumption  per  stage,  and 
95ps  propagation  delay  per  stage  for  21- 
stage  ring  oscillators  processed  with  the 
same  technology. 


Fig.  9-  Micrograph  of  the  chip  of  the  10K  sea  or 
gates  (chip  size:  8.2x1 0.1  mm2) 


5-CQNCLU.S1QN 

The  capability  of  a  one-micron  trench  isolated  bipolar  technology  to  implement  high  speed 
circuits  has  been  demonstrated  on  a  2048-stage  shift  register.  Performances  of  950MHz  clock 
frequency  were  obtained.  This  circuit  is  very  suitable  for  yield  monitoring  of  a  trench  isolated 
bipolar  process. 
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Abstract  -  Within  the  framework  of  a  double  polysilicon  self-aligned 
bipolar  technology  shallow  base  widths  WB  for  npn  transistors  were 
obtained  by  low-energy  implantation  of  boron  into  either  crystalline  Si 
(Ha  =  150  nm),  preamorphized  Si  (WB  =  125  nm)  or  by  diffusing  boron  out 
of  polysilicon  (WB  =  85  nm) .  Rapid  thermal  processing  was  used  for  the 
emitter  drive-in.  A  transit  frequency  of  22  GHz  was  achieved  for  WB  =  85 
nm.  Comparison  with  one-dimensional  calculations  indicates  the  potential 
of  further  enhancement  of  intrinsic  device  speed  by  optimization  of  the 
proposed  technological  approaches . 


1  -  INTRODUCTION 

The  combination  of  modern  self-alignment  schemes  together  with  advanced 
lithographic  capabilities  resulted  in  a  drastic  reduction  of  lateral 
dimensions  and  parasitics  and  improved  integration  density  and  speed-power 
performance  of  bipolar  transistors .  For  further  enhancement  of  intrinsic 
device  speed,  vertical  scaling  of  doping  profiles  becomes  increasingly 
important.  Heavily  doped  n--polysilicon  used  as  emitter  contact  and  diffusion 
source  for  arsenic  led  to  shallow  emitter  junctions,  especially  if  the  emitter 
is  driven-in  by  rapid  thermal  processing.  To  obtain  very  shallow  base  profiles 
we  investigated  three  promising  approaches : 

A)  A  low-energy  implantation  (10  keV)  into  bulk  Si  was  used  to  form  the  active 
base.  However,  further  reduction  of  base  width  WB  by  lowering  the 
implantation  energy  seems  to  be  restricted  because  of  boron  ion 
channelling. 

B)  To  suppress  channelling  the  Si  substrate  was  preamorphized  by  a  Ge 
implantation  prior  to  the  base  implant.  Great  care  has  to  be  taken  to 
obtain  defect-free  recrystallization. 

C)  A  completely  different  approach  inherently  avoiding  such  problems  is  the 
diffusion  of  base  and  emitter  out  of  the  same  polysilicon  layer. 


2  -  DEVICE  FABRICATION 

In  double  polysilicon  self-aligned  npn  bipolar  transistors  heavily  doped  n*- 
and  p^-polysilicon  layers  serve  as  emitter  and  external  base  contacts, 
respectively.  These  layers  are  separated  by  sidewall  oxide  spacers  remaining 
after  an  unmasked  reactive  ion  etch-back  (RIE)  of  a  conformal  SiOa  layer.  If 
the  active  base  is  implanted  prior  to  the  formation  of  these  spacers, 
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Fig-  1  -  Schematic  for  dopant  distribution  of  self-aligned  bipolar  with 
implanted  base  (a)  and  diffused  base  (b).  In  both  cases  the  emitter  is 
diffused  out  of  the  n^-polysilicon . 


perimeter  emitter(E)-collector(C)-punchtrough  due  to  incomplete  overlap  of 
active  and  inactive  base  (B)  regions  is  easily  avoided.  Fig.  la  schematically 
shows  the  obtained  dopant  distribution  in  the  vicinity  of  the  oxide  spacer. 
This  advantage  of  a  low  resistive  base  link,  however,  has  to  be  contrasted 
with  the  difficulty  of  having  different  reference  planes  for  base  implant  and 
emitter  diffusion  due  to  the  RIE  step  between  base  implant  and  emitter  drive- 
in.  With  further  vertical  scaling  this  problem  becomes  more  and  more  severe. 

We  fabricated  devices  with  fairly  shallow  base-profiles  by  reducing  the  boron 
implantation  energy  to  10  keV.  However,  channelling  of  B~  ions  and  their  fast 
diffusion  limits  the  formation  of  shallow  B-profiles.  Even  worse,  lowering  the 
ion  energy  leads  to  an  increased  probability  for  channelling  /l/.  Therefore, 
further  reduction  of  W„  merely  by  lowering  the  ion  energy  seems  to  be  hard  to 
obtain . 

To  reduce  the  influence  of  the  channelling  effect,  we  preamorphized  the  bulk 
Si  by  Ge  implantation  at  60  keV  prior  to  the  B-"  implant.  To  allow  for  a  direct 
comparison  of  the  benefits  of  preamorphization,  the  B*  implantation  was  done 
at  10  keV  as  well.  Of  course,  perfect  recrystallization  of  the  amorphous  layer 
is  of  crucial  importance.  To  remove  the  defects  we  employed  a  two  step  anneal. 
A  first  step  (450°C,  30  min)  is  '  performed  to  smoothen  the 
amorphous/crystalline  interface  /2 /  and  to  create  the  proper  conditions  for 
defect-free  recrystallization  during  the  final  high  temperature  step.  In  order 
to  minimize  the  broadening  of  the  base  profile  this  anneal  was  done  by  rapid 
thermal  processing  (RTP)  at  1075°  (10  sec). 

Difficulties  with  channelling  and  implantation  defects  are  excluded  if  the 
base  is  not  implanted  but  diffused.  We  used  the  same  polysilicon  layer  as 
diffusion  source  for  the  active  base  and  the  emitter.  Since  B  diffusion  into 
the  substrate  is  strongly  suppressed  by  the  presence  of  As,  the  drive-in  for 
base  and  emitter  is  split.  After  boron  diffusion,  As  was  implanted  and 
diffused  by  RTP  at  1050°C  (10  sec)  like  in  the  approaches  described  above. 
However,  as  the  base  is  formed  later  than  the  oxide  spacers,  there  is  an 
inherent  risk  of  insufficient  base  link  with  this  scheme  (fig.  lb).  Therefore, 
careful  tuning  of  diffusion  of  active  and  inactive  base  as  well  as  oxide 
spacer  thickness  is  mandatory  in  order  to  maintain  low  base  resistance  R». 


3  -  RESULTS  AND  DISCUSSION 

The  E/B  dopant  profiles  as  measured  by  RIMS  are  plotted  in  fig.  2.  For  the 
sake  of  clarity  only  the  results  of  the  10  keV  implanted  (scheme  A)  and  the 
diffused  (scheme  C)  base  are  shown.  Although  the  same  emitter  drive-in  was 
used,  a  smaller  emitter  junction  depth  is  obtained  for  the  transistor  with  the 
diffused  base.  This  is  attributed  to  a  retarded  diffusion  of  As  due  to  partial 
recrystallization  of  the  polysilicon  during  the  boron  drive-in  step.  The 
resulting  base  widths  WB  of  the  three  approaches  are  listed  in  table  1 . 
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Depth  |nm|  - ► 

Fig.  2  -  Dopant  distributions  measured  by  SIMS  for  transistors  with  implanted 
(10  keV)  and  diffused  base  (950°C,  10  min),  respectively. 


Table  1  -  Device  data  for  the  different  process  versions 


base  formation  process 

WB/nm 

Xr/ps 

R»/R»( Process  A) 

A 

150 

8 

1 

B 

125 

7 

1 

Cl  ( 950°C,  30  min) 

105 

5.5 

3 

C2  ( 950°C,  10  min) 

85 

5 

- 

7 

Obviously,  both  novel  base  formation  techniques  result  in  an  appreciable 
reduction  of  W„.  In  the  case  of  implanting  B~  into  preamorphized  Si  (scheme  B) 
a  final  W»  of  125  nm  was  achieved.  The  full  benefits  of  preamorphization, 
however,  will  only  be  obtained  for  B*  implantation  energies  below  10  ke\f. 
Thence  a  greater  part  of  the  B  profile  will  be  placed  inside  the  amorphous 
layer  and  channelling  will  be  more  completely  eliminated.  By  diffusing  the 
base  according  to  approach  C,  WB  of  105  nm  or  85  nm,  respectively,  were 
obtained,  depending  on  the  B  diffusion  step  (see  table  1,  scheme  Cl  or  C2, 
respectively) . 

Progress  in  device  performance  by  the  novel  base  formation  techniques  becomes 
evident  from  fig.  3  where  the  transit  frequency  fT  vs.  collector  current 
density  j0  is  plotted  as  measured  with  HF-probes  on  wafer.  In  the  case  of 
process  B  the  fa— roll-off  occurs  at  lower  j0  values.  This  is  due  to  an 
increased  epi  layer  thickness  (1-3  instead  of  0.9  um  in  the  other  cases).  A 
maximum  value  fT  *>14.5  GHz  is  obtained,  which  compares  to  fT  -  13.0  GHz 
for  the  transistor  with  implanted  base  according  to  scheme  A. 

In  order  to  demonstrate  more  clearly  the  influence  of  W»  we  extracted  the  base 
forward  transit  time  xr  using  the  conventional  (l/2nfT  vs.  1/ j0)~ extract ion 
scheme.  In  fig.  4  the  xr  values  are  compared  with  one  dimensional  calculations 
/3/.  The  boron  concentration  at  the  E/B  junction  N*.  and  the  base  width  W»  were 
determined  by  SIMS,  N*.  also  was  independently  confirmed  by  C(V) -measurement. 
From  the  fairly  good  agreement  of  experimental  data  and  theoretical 
predictions,  we  expect  that  by  further  reducing  w»  values  of  xr  below  4  ps  are 
attainable . 
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Fig.  3  -  Transit  frequency  fx  for 
transistors  with  implanted  base 
either  into  crystalline  Si  (curve  A) 
or  preamorphized  Si  (curve  B)  and 
diffused  base  (curve  C 2) 


Fig.  4  -  Comparison  of  experimen¬ 
tally  determined  forward  transit 
times  t,  and  base  widths  WB  with 
one-dimensional  calculations  (solid 
curves).  The  arrows  indicate  discre¬ 
pancies  in  N*.  between  values  used  in 
the  simulations  and  measurements 


To  check  the  link  between  external  and  internal  base  we  measured  base 
resistances  Ru  using  a  transistor  with  two  isolated  base  contacts,  one  for 
feeding  the  regular  base  current  and  one  for  sensing  the  voltage  drop  across 
the  base.  In  table  1  values  of  R*,  normalized  to  process  version  A  are 
listed.  Both  devices  with  diffused  bases  suffer  from  an  insufficient  base 
link.  In  these  cases  adjustment  of  diffusion  cycles  and  spacer  thickness  is 
necessary  for  optimum  device  operation. 


4  -  CONCLUSIONS 

The  key  to  further  enhance  the  intrinsic  speed  of  bipolar  devices  is  the 
reduction  of  the  base  width  WB.  This  is  demonstrated  by  a  comparison  of  Id 
simulations  with  experimental  data.  Simple  reduction  of  base  implant  energy, 
however,  has  only  limited  chance  of  success  because  of  the  growing  influence 
of  the  channelling  effect.  Two  methods  to  circumvent  this  problem,  i.e. 
preamorphization  of  the  substrate  prior  to  the  base  implant  or  diffusion  of 
the  active  base  out  of  the  emitter  polysilicon,  have  been  demonstrated  to  open 
good  perspectives  for  accomplishing  very  shallow  base  profiles.  In  first 
experiments  basewidths  down  to  85  run  and  forward  transit  times  as  low  as  ps 
have  been  attained. 


We  would  like  to  thank  B.  Hoffmann  and  D.  Hartwig  for  supervision  of 
processing,  R.  Kakoschke  for  RTP  and  T.F.  Meister  for  valuable  discussions. 
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RESUME  -  Parallelement  a  l'optoelectronique  1,3  -  1,5  pm,  et  grace  a  des 
proprietes  de  transport  electroniques  remarquables,  une  microelectronique  sur 
les  materiaux  a  base  de  InP  se  developpe  actuellement.  Apres  quelques  rappels 
sur  les  proprietes  des  materiaux  InP  et  GalnAs,  les  diverses  structures  de 
transistors  actuellement  etudiees  sont  decrites,  avec  leurs  merites  respectifs. 
Une  analyse  est  ensuite  presentee,  portant  sur  les  evolutions  technologiques  et 
les  domaines  d'application. 

ABSTRACT  -  Together  with  1,3  -  1,5  pm  optoelectronics,  a  microelectronic 
technology  is  presently  developing  on  InP-based  materials,  owing  to  their 
remarkable  transport  properties.  After  general  considerations  on  InP  and 
GalnAs  properties,  various  transistor  structures  are  presented  and  their 
comparative  merits  discussed.  This  is  followed  by  an  analysis  of  current  trends 
in  technology  and  fields  of  applications. 

1  -  INTRODUCTION 

In  the  past  15  years,  a  large  interest  has  concentrated  on  gallium  arsenide  (GaAs)  devices 
for  both  microelectronic  (GaAs  MESFETs)  and  optoelectronic  applications  (AlGaAs/GaAs 
lasers  and  LEDs).  This  technology  is  now  rather  well-established,  even  if  digital 
applications  of  GaAs  MESFETs  are  unrestly  facing  progresses  in  silicon  technology.  More 
recently,  another  III-V  material,  InP,  exhibiting  similar  potentialities  in  the  fields  of 
optoelectronics  and  microwave  or  high-speed  applications,  has  experienced  a  renewed 
interest,  mainly  because  of  the  shift  in  interest  towards  higher  wavelengths  for  optical 
fiber  transmissions.  In  spite  of  a  higher  susceptibility  of  the  material  to  technological 
treatments  than  GaAs,  InP-based  optoelectronic  devices  at  i.ow  fa’ciiv-aied  and  are 
commercially  available.  Conversely,  no  InP-based  transistor  has  established  itself  as  the 
plow-horse  of  an  InP-based  microelectronic  technology,  although  a  large  research  effort  is 
building  up  worldwide  in  the  investigation  of  various  structures  of  field  effect  or  bipolar 
transistors.  This  should  soon  result  in  reliable  high-performance  devices  taking  advantage 
of  the  attractive  electronic  transport  properties  of  InP  and  of  GalnAs,  a  ternary  compound 
which,  lattice-matched  to  InP,  exhibits  a  mobility  of  more  than  10000  cm^/Vs. 

2  -  ELECTRONIC  TRANSPORT  IN  InP  AND  GalnAs 

Like  in  GaAs,  electron  mobility  in  InP  and  GalnAs  is  much  higher  than  hole  mobility, 
which  favors  n-channel  FET  or  npn  bipolar  structures.  With  drift  mobilities  of  4000  and 
10000  cm^/Vs.  respectively  at  room  temperature,  both  materials  exhibit  a  similar  high  drift 
velocity,  of  the  order  of  2.5  107  cm/s  for  1  pm  long  gate  devices  (Figl).  This  value, 
somewhat  higher  than  in  GaAs,  mostly  results  from  the  larger  separation  between  T  and  L 
valleys  in  the  conduction  band,  confining  electrons  in  the  high  mobility  T  valley  till 
they  gain  an  energy  larger  than  about  0.5  eV  from  the  electric  field.  Even  for  transistors 
with  submicron  gate  length,  this  superiority  of  InP  and  GalnAs  over  GaAs  is  expected  to 
remain  valid  /l/.  Also  related  to  the  higher  Jfri  value  is  the  more  prononced  negative 
resistance  behaviour  used  in  Transferred  Electron  (Gunn)  Devices  (TEDs). 

In  table  I,  some  parameters  of  interest  regarding  electronic  properties  of  InP,  GalnAs  and 
AlInAs  are  given.  This  third  compound  is  increasingly  being  used  as  a  high  bandgap 
material  to  confine  electrons  in  the  channel  of  GalnAs  FETs,  thanks  to  the  large 
conduction  band  discontinuity  with  GalnAs.  Unfortunately  good  quality  AlInAs  is  difficult 
to  grow  by  MBE  or  MO-VPE,  with  usual  mobility  in  the  1000-2000  cm^/Vs.  range.  Recently 
figures  between  3000  and  4000  cm^/Vs  have  been  reported  with  both  growth  techniques; 
This  illustrates  the  rapid  improvement  currently  experienced  in  the  epitaxial  growth  of 
InP-based  material.  It  is  also  important  to  emphasize  in  table  I,  the  small  bandgap  of 
GalnAs  resulting  in  its  high  mobility  but  also  in  a  low  bulk  resistivity,  high  temperature 
sensitivity  and  large  impact  ionization  coefficients  (fig.  2). 
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Table  1:  Physical  parameters  of  InP  and  lattice-matched  GalnAs  and  AlInAs. 


InP 

GalnAs 

AlInAs 

Eg  (ev) 

1.35 

0.75 

1.45 

MOBILITY  (cm2 /Vs) 

4000 

10000 

3500 

J En  (eV) 

0.6 

0.55 

0.61 

DRIFT  VELOCITY  ( 107  Cm/s) 

2.5 

2.5 

BULK  RESISTIVITY  (/tan) 

108 

2.103 

BARRIER  SCHOTTKY  HEIGHT  *,„(eV) 

0.4 

0.2 

0.6/0. 8 

JEC  (eV) 

0.2 

0.55 

3  -  KEY  ASPECTS  OF  AN  InP-BASED  MICROELECTRONIC  TECHNOLOGY 

While  n+  doped  substrates  with  a  very  low  dislocation  density  are  now  available  for 
optoelectronic  devices,  high  quality  semi-insulating  (S.I.)  substrates  are  not  yet  available. 
Because  of  an  insufficient  purity  of  starting  materials,  the  resistivity  of  undoped  crystals 
is  usually  only  marginal  (residual  doping  :  a  few  1035  cm'3  -  n  type).  Semi-insulating 
material  (107-108  /1cm)  is  obtained  by  compensation  of  residual  donors  by  Fe  atoms  with  a 
concentration  which  increases  from  seed  to  queue  of  the  ingot  (for  instance  103<>  -  1037 
cm'3).  Like  in  Cr  doped  GaAs,  Fe  atoms  tend  to  redistribute  under  annealing,  resulting  in 
thermal  unstability.  Moreover  a  reproducible  process  for  surface  preparation  (polishing)  is 
not  yet  perfectly  established.  Obviously  more  work  is  necessary  before  S.I.  substrates  of 
adequate  quality  becomes  available. 

Actually  most  devices  are  fabricated  from  epitaxial  layers,  generally  grown  on  a  buffer 
layer  preventing  detrimental  pollution  from  the  substrate.  VPE  but  more  often  MO-VPE  or 
MBE  are  presently  used  for  the  growth  of  these  structures.  A  good  homogeneity  of  the 
grown  layers  (composition  thickness,  doping  level)  is  then  necessary  not  only  to  maintain 
the  lattice  matching  condition  in  the  case  of  heterostructure  -  which  is  not  critical  in 
the  AlGaAs-GaAs  system-  but  mainly  to  provide  a  small  dispersion  in  threshold  voltage. 
Very  encouraging  results  have  already  been  obtained  in  that  respect  /2/  :  a  deviation  of 
only  ±  1.5  %  over  2  inch  substrates  of  the  sheet  carrier  concentration. 


Figure  lsDrift  velocity  of  InP  and  GalnAs  Figure  Z:  Ionization  coefficients  for  holes(b) 
under  static  electric  field.  and  electrons(a)  in  InP  and  GalnAs  with 

reference  to  GaAs 
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Another  important  point  which  illustrates  the  difficulty  faced  in  establishing  an  InP 
microelectronic  technology  is  the  material  fragility  :  not  only  InP  is  more  brittle  than 
GaAs,  making  the  handling  of  2  or  3  inch  wafers  more  critical,  but  also  InP,  and  GalnAs  as 
well,  are  quite  sensitive  to  bombardment  by  energetic  species  as  found  in  usual  plasma 
etching  or  deposition  systems.  For  instance  Ar  ion  milling  of  InP  surfaces  even  at  low 
energy  (300  V)  degrades  the  material  quality  and  results  in  the  formation  of  an  In  rich 
surface  layer  unless  special  care  such  as  cooling  the  slice  at  liquid  nitrogen  temperature 
is  taken  / 3/ .  InP,  and  to  a  lesser  extent  GalnAs,  also  tends  to  decompose  at  relatively  low 
temperature  with  preferential  evaporation  of  the  group  V  element  (around  350  *C  under 
ultrahigh  vacuum  for  InP  /4/).  Although  this  phenomenum  can  be  fought  by  encapsulation, 
or  phosphorus  or  arsenic  overpressure,  it  obviously  requires  adjustements  in  the 
processing  techniques  previously  developed  for  GaAs  devices  and  circuits.  Satisfactory 
techniques  for  surface  protection  are  now  available  for  diffusion  and  implantation 
annealing. 

Related  to  its  surface  unstability,  passivation  is  a  very  important  issue  for  the 
reliability  of  InP-based  devices  :  it  is  well-known  that  reverse  biased  GalnAs  p-n 
junctions,  when  exposed  to  atmosphere,  tend  to  degrade  with  conductive  paths  appearing 
at  the  surface,  possibly  associated  with  the  formation  of  an  In203  conductive  layer.  This 
problem  has  so  far  received  limited  answers.  Only  the  development  of  suitable  passivation 
schemes  (PECVD  SiN  for  instance  in  the  case  of  GalnAs  PIN  or  avalanche  photodiodes  /5/) 
allows  the  developemnt  of  stable  devices.  This  passivation  issue,  which  also  hampered  for 
quite  a  while  the  development  of  a  viable  GaAs  MESFET  technology,  is  now  well  addressed, 
partly  due  to  the  large  interest  in  establishing  a  MISFET  technology  on  InP  and  GalnAs, 
motivated  by  the  attractive  low  surface  state  density  observed  on  these  materials. 

To  conclude  this  paragraph,  a  few  considerations  on  metal-semiconductor  contacts  are  now 
given  :  with  most  metals,  InP  and  GalnAs  surface  tend  to  be  pinned  quite  close  to  the 
conduction  band.  This  has  so  far  hampered  the  development  of  a  MESFET  technology  on 
these  materials.  It  has  also  partly  motivated  the  use  of  AlInAs  in  various  FET  structure, 
owing  to  a  larger  Schottky  barrier  height,  between  0.6  and  0.8  eV  (see  Table  I).  This  Fermi 
level  pinning  at  the  surface  is  also  put  forward  to  explain  the  low  and  high  resistivity 
of  contact  on  n-type  and  p-type  materials  respectively,  with  some  recent  improvement  in 
the  latter  case  /6/,/7/.  A  technology  for  InP-based  microelectronics  is  still  far  from  being 
fully  established  ;  but  important  progress  is  continuously  being  made.  Such  progress  is 
best  illustrated  by  the  increase  in  performance  of  the  various  transistor  structures 
presently  investigated. 

4  -  InP  FETs 

First  attempts  to  develop  an  InP  MESFET  technology  have  met  limited  success,  due  to  the 
low  Schottky  barrier  height.  Since  then,  different  schemes  have  been  proposed  to 
overcome  this  situation  :  for  instance  by  adding  a  thin  dielectric  layer  between  the 
semiconductor  surface  and  the  gate  metallization  /8/  or  more  recently  by  use  of  a  shallow 
diffusion  converting  a  thin  surface  layer  -  completely  depleted  of  carriers  in  actual 
operation  -  to  p-type  /9/.  It  has  also  been  shown  that  by  a  suitable  choice  of  the  gate 
metal  (Cd),  a  larger  Schottky  barrier  appears  /10/.  None  of  these  approaches  has  already 
established  itself  as  a  viable  process  so  far,  even  though  such  a  technology  has  been 
used  in  the  fabrication  of  a  monolithic  laser-FET  device  / 11/. 

InP  junction  FETs  have  also  been  investigated,  in  particular  with  fully  ion-implanted 
structures  / 12/.  A  major  achievement  has  been  the  control  of  a  shallow,  abrupt  p+n  gate 
junction,  thanks  to  a  co-implantation  process.  Submicron  gate  planar  structures  are 
difficult  to  fabricate,  with  the  requirement  of  aligning  the  metal  gate  onto  the  p+n 
region.  This  can  be  overcome  by  subsequent  etching  with  the  gate  metal  as  a  mask.  More 
investigations  are  still  needed  to  ascertain  the  viability  of  this  structure  (gate  contact 
resistivity,  mesa  gate  passivation)  but  promising  results  have  already  been  obtained  /13/. 
It  is  worth  illustrating  the  potential  of  InP  JFETs  by  noting  that  the  monolithic  receiver 
with  the  best  sensitivity  at  1.3  pm  (-36.5  dBm  at  200  Mbit/s)  has  been  fabricated  with  InP 
JFETs  /14/. 

However  most  of  the  research  devoted  to  InP  FETs  has  so  far  focused  on  MISFETs  :  it  was 
recognized  quite  early  that  the  interface  state  density  of  insulator/InP  could  be  very  low, 
below  10l2/cm2  eV,  in  contrast  to  the  situation  with  GaAs.  Moreover  in  the  prospect  of  a 
power  transistor,  a  MISFET  structure  appears  quite  attractive.  This  was  actually  clearly 
demonstrated  by  the  excellent  results  reported  on  a  Si02  gate  power  MISFET  :  3  W/mm  / 15/. 

Unfortunately  InP  MISFETs  are  prone  to  large  threshold  voltage  drift,  in  operation,  due  to 
unstability  of  the  insulator-semiconductor  interface.  InP  native  oxydes,  as  usually  grown 
exhibit  poor  dielectric  properties.  Good  characteristics  were  reported  however,  with  the 
oxidation  of  InP  through  an  AI2O3  film  /16/.  This  oxidation  scheme  leads  to  the  formation 
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of  a  polyphosphate  insulator,  as  recently  identified.  The  direct  formation  of  such  an 
insulator  by  other  means  is  obviously  a  promising  technique  /17/.  As  an  alternative  to 
oxidation,  both  nitridation  and  sulfidation  have  been  investigated.  In  spite  of  an 
excellent  effective  mobility  (3500  cm2/Vs)  characteristic  of  a  low  density  of  fast  interface 
states,  the  dielectric  quality  of  the  thermally  grown  sulfide  insulator  doesn't  allow  the 
fabrication  of  transistors  with  low  current  drift  /18/.  Actually  it  is  a  second  approach  to 
the  realization  of  MISFETs  that  has  received  most  of  the  attention  :  that  is  the  deposition 
of  a  dielectric  film  (Si02,  SiN,  AI2O3,  PN,  ...)  using  a  large  number  of  techniques,  from 
e-beam  evaporation  to  CVD.  Most  of  them  lead  to  a  low  density  of  interface  states,  and 
then  acceptable  mobility.  However,  drain  current  drift  in  CW  operation,  due  to  trapping 
and  evidenced  by  hysteresis  of  C-V  MIS  diodes  characteristics,  remains  a  major  obstacle 
to  the  development  of  an  InP  MISFET  technology  /19/. 

Several  criteria  to  be  fulfilled  in  order  to  obtain  an  acceptable  MIS  structure  are  now 
well  accepted  :  a  good  stoechiometry  of  the  very  first  atomic  layers  of  the  InP  surface, 
implying  no  high-temperature  treatment  or  surface  bombardment  creating  P  vacancies  ;  a 
very  thin  interface  layer,  requiring  in  situ  etching  /20/,  possibly  As  passivation  /21/  ;  a 
high  quality  dielectric.  Simultaneous  obtention  of  those  characteristics  is  a  real  challenge 
:  conventional  CVD,  indirect  PECVD  /22/,  UV  enhanced  CVD  /23/,  flash  CVD  /24/,  have  in 
particular  shown  much  promise  in  that  respect,  as  evidenced  by  the  reasonable  drift 
behaviour  reported  with  such  techniques  / 25/.  Obviously  real  progress  has  been  made  in 
recent  years  in  the  understanding  and  control  of  InP  MISFETs  drift  behaviour.  Although 
this  problem  has  not  yet  received  a  fully  satisfactory  answer,  continuous  improvement  is 
observed  (fig. 3),  opening  the  door  to  a  MISFET  technology,  which  would  be  a  major 
breakthrough  in  III-V  microelectronics. 


Figure  3:  Drift  behaviour  of  the  drain  current  of  enhancement -mode  InP  MISFETs  after 
a  2V  step  is  applied  on  the  gate.  vds=  0.1V. 


5  -  GalnAs  FETs 

Gao.47Ino.53  As  lattice-matched  to  InP  is  a  very  promising  material,  with  a  high  mobility 
and  high  saturation  velocity.  Moreover  with  a  low-bangap,  it  is  particularly  suited  for  the 
absorption  of  light  at  wavelength  of  1.3  and  1.55  pm.  For  these  reasons,  GalnAs  transistors 
have  received  much  attention  in  recent  years.  But  which  FET  structure  is  the  best  is  not 
clear  yet,  with  continuous  improvements  being  reported  for  the  various  structures  (fig.  4). 
This  progress  can  be  clearly  associated  to  the  better  quality  of  material  grown  by  MBE  or 
MOVPE  including  more  efficient  buffer  layers  at  the  substrate  interface.  As  with  InP, 
GalnAs  MESFETs  have  not  received  much  attention,  due  to  the  low  Schottky  barrier  height. 
A  few  attempts  have  been  reported  recently  aiming  at  artificially  increasing  the  barrier 
height  by  inserting  a  thin  insulating  layer  between  the  metal  gate  and  the  GalnAs  channel 
or  by  the  use  of  a  Cd  gate  electrode  . 

The  most  popular  GalnAs  structure  has  long  been  the  homojunction  FET  (JFET).  Many 
different  approaches  have  been  reported  for  defining  the  gate  :  blanket  p  diffusion  or 
V?P,lan.tatl0n  f°ll°wed  by  gate  layer  etching,  p-n  junction  epitaxial  growth,  selective 
diffusion  or  implantation,. ..with  compromise  to  be  found  between  gate  length  reduction 
and  junction  passivation.  While  selectively  diffused  or  ion-implanted  gate  may  be 

naturally  passivated  by  the  diffusion  or  implantation  mask  /26/  /27/,  no  efficient  scheme 
has  yet  been  reported  for  mesa  etched  gate.  Better  performance  can  be  obtained  with 
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heterojunction  FETs  (HJFETs)  :  selective  etching  of  a  p+  InP  gate  layer  down  to  a  gate 
length  of  0.5  pm  has  already  been  reported  with  a  fmax  of  60  GHz  /28/,  but  the  critical 
passivation  problem  has  still  to  be  solved. 

GalnAs  MIS  structures,  like  InP  ones,  are  characterized  by  a  low  interface  state  density  (> 
10^2  cm "2  ev  1)  allowing  the  fabrication  of  MISFETs.  Moreover,  and  this  is  probably 
attributable  to  the  better  surface  stability  of  GalnAs,  several  Laboratories  have  already 
reported  a  quite  acceptable  drain  current  drift  behaviour  /29/.  For  instance  with  a  self 
aligned  structure  with  a  Si02  UVCVD  gate  dielectric,  a  drain  current  drift  of  only  2  %  in 
70  hours  has  been  mentionned  /30/,  allowing  the  fabrication  of  test  circuits  and  microwave 
transistors  with  a  45  GHz  fmax.  Similar  results  (3  %  in  30  hours)  have  since  been  reported 
on  depletion  mode  GalnAs  transistors  with  SiN  gate  dielectric  deposited  in  a  multipolar 
plasma  after  in  situ  native  oxide  removal  /31/.  The  MISFET  technology,  only  scarcely 
addressed  till  now,  obviously  offers  much  promise,  in  particular  for  logic  applications  and 
optoelectronics. 
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Figure  4:  Schematic  GalnAs  FET  structures 
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In  the  last  10  years  AlGaAs/GaAs  heterostructure  FETs  have  been  widely  studied  as  an 
alternative  to  conventional  GaAs  MESFETs.  Known  in  their  original  design  as  TEGFETs, 
MODFETs  or  HEMTs,  they  showed  superior  performances  in  terms  of  transconductance, 
cut-off  frequency  and  noise  figure.  A  parallel  development  has  been  experienced  very 
recently  with  AlInAs/GalnAs  heterostructure  FETs,  which  offer  a  major  advantage  over 
their  GaAs-based  counterparts  :  the  conduction  band  discontinuity,  close  to  0.55  eV  (0.25 
eV  for  usual  AlGaAs/GaAs  MODFETs)  allows  a  much  higher  electron  sheet  concentration 
(about  3.1012  cm~3)  while  preventing  a  parasitic  channel  to  appear  in  the  AlInAs  barrier 
over  a  wider  range  of  bias  condition  ;  only  drawbacks  :  a  slightly  lower  Schottky  barrier 
height  (0. 6-0.8  eV  depending  on  AlInAs  quality)  and  a  material  which  has  not  yet  reach  the 
quality  of  AlGaAs.  Several  Laboratories  have  developed  such  heterostructure  FETs  which 
already  outperform  their  GaAs  counterparts  of  comparable  gate  length  /32 /.  Since  the 
report  by  NEC  of  a  transistor  with  a  transconductance  of  440  mS/mm  at  room  temperature, 
progress  has  been  very  fast,  in  particular  with  respect  to  high  frequency  performances 
(fig.  5).  Recently  devices  with  1080  mS/mm  transconductance  and  175  GHz  transition 
frequency  for  0.1  pm  gate  length,  with  a  minimum  noise  figure  of  0.8  dB  at  63  GHz  (AG  :  8 
dB)  for  0.2  pm  gate  length  were  reported  / 33/. 

While  the  MODFET  structure  uses  a  doped  barrier,  which  can  act  as  a  parasitic  channel 
and  be  responsible  for  a  high  gate  leakage  current,  other  designs  have  been  studied, 
directly  derived  from  the  AlGaAs/GaAs  experience,  with  an  undopea  barrier,  such  as  the 
inverted  MODFET  and  the  "MISFET".  Such  structures  usually  exhibit  lower  gate  current, 
lower  transconductance  and  gate  capacitance  than  conventionnal  MODFETs.  Still  their  high 
frequency  performance  remains  very  attractive,  as  illustrated  by  the  100  GHz  fmax 
reported  by  Bendix  for  a  0.7  pm  long  gate  structure  with  a  200  A  thick  channel  doped  to 
4.1018  cm~3  / 34/.  With  a  more  conventionnal  channel  (1000  A  with  2.10^2  cm~3  doping)  a  40 
GHz  fmax  was  obtained  at  CNET-Bagneux  on  1  pm  gate  length  devices  / 35/.  Moreover  a  very 
good  uniformity  is  expected  for  undoped  barrier  FETs  with  a  conduction  band 
discontinuity  close  to  the  Schottky  barrier  height  ;  this  is  an  important  point  for  circuit 
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applications.  Worth  mentioning  in  the  prospect  of  circuits  are  the  280  mS/mm 
transconductance  and  near-zero  threshold  voltage  reported  by  Sony  on  self-aligned 
refractory  gate  devices  with  5  pm  gate  length  /36/. 

While  improvement  in  AlInAs/GalnAs  heterostructure  FETs  growth  and  processing  is 
continuing,  first  promising  results  were  reported  recently  with  identical  structures  but 
for  an  InP  channel  :  on  1  pm  gate  devices  with  a  doped  channel  a  transconductance  of  155 
mS/mm  was  measured  and  an  fmax  of  42  GHz  inferred  from  S  parameters  measurements  / 37/. 
With  pseudomorphic  AlGaAs/GalnAs,  heterostructure  FETs  as  an  example.pseudomorphic 
AlInAs/GalnAs,  AlInAs/InP,  AlGaAs/InP,  GalnP/GalnAs  have  also  been  investigated;  No  clear 
improvement  in  performance  as  compared  to  lattice-matched  devices  has  been  demonstrated 
so  far. 
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Figure  5:  Increase  in  transconductance  over  the  years  illustrating  the  improvement  in 
material  quality.  Only  FETs  with  gate  length  >0.5  micron  have  been  considered. 


Figure  6i  Variation  of  the  transition  frequency  of  GalnAs  FETs  with  different  structures 
versus  gate  length. 
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6  -  GalnAs  HETEROJUNCTION  BIPOLAR  TRANSISTORS 

Bipolar  transistors  can  also  be  fabricated  from  InP-based  materials  :  as  in  Si  or  GaAs, 
they  offer  potential  improvement  over  FETs  in  terms  of  drive  capability,  threshold  voltage 
homogeneity,  at  the  expense  of  a  more  complex  processing  technology.  While  the 
AlGaAs/GaAs  HBT  technology  in  now  developing  rapidly,  the  same  HBT  technology  can  also 
be  envisionned  on  InP-based  materials,  with  the  associated  advantages  :  low  base  sheet 
resistance,  low  emitter  capacitance.  With  different  material  combinations  available  for  the 
fabrication  of  HBTs,  most  investigations  have  rapidly  concentrated  on  npn  structures  with 
a  GalnAs  base,  and  either  GalnAsP  or  AlGalnAs  emitter.  These  bipolar  transistors  have 
very  interesting  potentialities  ;  actually  recent  developments  in  the  AlGaAs/GaAs  HBT 
technology  have  shown  that  the  device  speed  is  now  approaching  a  limit  set  by  the 
transit  time  of  electrons  through  the  base  and  collector.  The  superior  transport 
properties  of  InP-based  materials  could  then  allow  an  extension  of  the  frequency  range  of 
operation  of  HBTs,  with  the  additionnal  advantage  for  circuit  applications  of  a  lower 
emitter-base  voltage.  Also  of  interest  are  the  better  behaviour  of  InP/GalnAs  HBTs  at  low 
current  density,  resulting  from  the  lower  surface  recombination  velocity.  This,  as  well  as 
the  invertibility  of  wide-bandgap  emitter  and  collector,  may  be  especially  interesting  in 
i2l  circuits. 

However,  the  HBT  technology  is  far  more  complex  than  the  FET's  one,  and  many 
technological  problems  have  to  be  solved  before  a  viable  technology  is  established  : 
abrupt  p-n  junctions,  graded  hetero  junctions,  isolation,  passivation,  non-diffusing 
contacts,  ...  Very  promising  results  have  already  been  obtained,  in  particular  InP/GalnAs 
DHBTs  grown  by  gaz  source  MBE  with  a  transition  frequency  of  18  GHz  for  5  pm  emitter 
stripe  width  /38 /,  and  devices  grown  by  MOVPE  with  a  current  gain  of  11000  /39/.  In  the 
AlGalnAs/GalnAs  system,  a  current  gain  of  1200  and  a  transition  frequency  of  1.7  GHz  for 
devices  with  20  pm  emitter  stripe  width  have  been  measured  /40/.  Undoubtedly,  these 
characteristics  will  soon  be  improved,  taking  into  account  the  general  improvement  of  the 
technology  of  InP-based  materials. 

7  -  FROM  DEVICES  TO  CIRCUITS 

An  important  point  has  to  be  made  :  no  InP-based  microrelectronic  device  or  circuit,  with 
the  exception  of  microwave  Gunn  diodes,  has  yet  been  developed,  sold  or  used  in  systems, 
although  a  few  companies  intend  to  do  so  shortly.  For  the  time  being,  most  efforts  are 
devoted  to  the  demonstration  of  the  feasibility  of  transistors  or  circuits.  Low  complexity 
circuits  have  been  fabricated  for  demonstration  of  either  logic  or  optoelectronic 
functions.  Between  1980  and  1984  several  InP  MISFET  ICs  have  been  reported  in  the  United 
States  under  Navy  funding  /41/.  Such  circuits  were  not  able  to  operate  DC,  because  of  the 
drift  in  transistor  characteristics.  More  recently  GalnAs  FET  ICs  have  also  been  reported 
(GalnAs  MISFET  ring  oscillator  with  a  propagation  delay  time  of  50  ps/gate  /42/,  GalnAs 
JFET  base  band  amplifier).  Most  attention  is  presently  focusing  on  using  AlInAs/GalnAs 
heterostructure  FET  for  digital  ICs.  In  spite  of  a  report  by  NEC  on  the  dispersion  of  the 
sheet  carrier  concentration  over  a  2  inch  wafer,  almost  no  data  is  presently  available  on 
the  threshold  voltage  dispersion  of  processed  transistors.  The  quality  of  AlInAs  material 
for  instance  is  probably  not  yet  sufficient  to  allow  a  reproducible  threshold  from  wafer 
to  wafer.  A  larger  number  of  reports  is  now  available  on  the  use  of  InP-based  transistors 
in  optoelectronic  circuits.  Since  the  first  demonstration  in  1979  of  an  IC  associating  one 
GalnAs  PIN  and  one  FET  /43/  a  large  interest  has  developed  in  the  area  of  InP-based 
OEICs,  particularly  in  Japan.  A  variety  of  InP  and  GalnAs  FETs,  and  even  bipolars,  have 
been  used  in  the  fabrication  of  laser  drivers  or  photodetector  amplifiers.  This  large 
interest  originates  mainly  from  the  expected  improvement  in  performances,  resulting  from 
the  reduction  of  interconnection  reactances,  as  well  as  in  cost  and  compacity.  However 
the  fabrication  of  high  performance  OEICs  has  so  far  been  hampered  by  the  necessary 
compromising  for  integrable  structures  of  optoelectronic  and  microelectronic  devices.  Very 
significant  achievements  have  been  reported  however,  on  either  simple  receiver  circuits 
associating  a  photodiode  and  a  transistor  /44/  or  even  more  complex  circuits  as  recently 
reported  by  ATT  Bell  (GalnAs  PIN  plus  8  InP  JFET  amplifier  /14 /).  Very  informative  is  the 
analysis  of  the  current  trend  in  the  increase  in  performance  of  monolithic  photoreceivers 
:  the  sensitivity  is  steadily  improving  by  about  2.5  dB/year  since  a  few  years  and  within  2 
years  from  now,  monolithic  receivers  should  surpass  their  hybrid  counterparts.  Quite 
interestingly,  a  parallel  evolution  is  presently  observed  with  GaAs  OEICs,  with  the  recent 
report  of  a  GaAs  receiver  exhibiting  a  sensitivity  of  -39  dBm  at  250  Mbit/s,  equivalent  to 
the  one  of  non-avalanching  diode  hybrid  receivers  at  0.85  pm  wavelength  /45 /. 
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A  similar  evolution  is  observed  with  monolithic  transmitters  for  which  increasing 
bandwidths  are  being  reported  /ll/.  The  variety  of  transistors,  with  InP  or  GalnAs  channel 
used  in  these  demonstration  circuits  still  illustrates  clearly  the  current  uncertainty  as  to 
which  transistor  structures  are  the  more  promising. 

8  -  PROSPECTS  FOR  AN  InP-BASED  MICROELECTRONICS 

The  InP-based  microelectronics  is  still  in  its  infancy,  but  it  is  rapidly  maturing  as 
evidenced  by  the  improvement  in  basic  characteristics  such  as  transconductance  and 
bandwidth.  Most  recent  reports  refer  to  GalnAs  channel  FETs  which  benefit  from 
simultaneous  developments  of  high  quality  epitaxial  growth  techniques  required  for 
optoelectronic  devices  and  of  a  mature  AlGaAs/GaAs  Schottky  gate  technology.  Actually, 
for  many  years,  and  in  spite  of  the  known  promising  characteristics  of  InP,  the  motivation 
for  developing  an  InP-based  microelectronics  was  not  strong  enough  to  allow  a  sensible 
development.  Only  with  the  advent  of  1.3  -  1.5  optoelectronics  did  InP-based 
microelectronics  experience  a  real  development.  Also  very  important  is  the  fact  that  the 
GaAs  microelectronics  expertise  can  quite  directly  be  used  for  InP  compounds  /46/. 

Thus  supported  by  optoelectronics  and  GaAs  technology,  InP-based  microelectronics  is  still 
facing  specific  problems  :  In  the  area  of  technology,  several  points  still  require 
particular  attention,  such  as  high  quality  (undoped  ?)  semi-insulating  substrates,  low 
temperature,  low  energy  processing  techniques,  passivation  ;  but  most  importantly  it  will 
be  necessary  to  concentrate  future  development  on  a  limited  number  of  transistor 
structures.  In  that  respect  more  work  has  still  to  be  done  to  ascertain  the  viability  of 
structures  with  a  GalnAs  channel  under  operating  conditions  of  real  circuits;  Beyond  that 
point,  the  choice  of  the  best  structure  is  still  an  open  question.  For  InP  and  GalnAs 
MISFETs,  experiencing  a  real  improvement  of  the  stability  of  their  threshold  voltage,  the 
prospects  now  look  better,  but  much  time  is  still  necessary  before  a  reproducible, 
industrial  processing  technology  is  established.  Presently  JFETs  are  quite  appealing 
because  of  their  simplicity.  Good  results  have  already  been  reported,  and  small  complexity 
circuits  have  been  fabricated.  Heterostructure  gates  can  possibly  improve  JFETs 
performances  ;  however  heterostructure  FETs  of  the  MISFET  type,  or  MODFETs,  are  more 
likely  to  become  the  prefered  transistors  either  with  InP  or  GalnAs  channels.  HBTs  are 
also  very  attractive,  but  since  they  require  an  involved  processing  technology,  it  will 
take  much  time  before  they  begin  to  challenge  their  AlGaAs/GaAs  counterparts. 

Optoelectronic  integration  is  obviously  a  promising  field  of  application  for  InP-based 
microelectronics.  Fabrication  of  OEICs  with  acceptable  yield  will  require  adjustements  in 
transistors  structures  and  processing  to  ease  integration  with  optoelectronic  devices  /47/. 
Competition  might  come  from  mis-matched  epitaxy  approaches,  illustrated  by  the 
realization  of  GaAs/InP  transmitters  and  receivers  by  NEC  /48/.  In  the  field  of  microwave 
applications,  two  areas  of  interest  have  to  be  considered  :  for  low-noise  amplication, 
AlInAs/GalnAs  MODFETs  already  begin  to  challenge  their  AlGaAs/GaAs  counterparts  and 
will  continue  to  do  so,  with  industrial  development  likely  to  appear  soon.  For  power 
microwave  amplification,  InP  has  already  shown  its  potentialities.  Unfortunately  InP 
MISFETs  used  for  such  demonstration  suffered  from  threshold  voltage  drift.  While  some 
progress  is  now  observed  on  this  point,  other  structures  (JFETs  and  even  MESFETs)  are 
also  investigated  as  alternatives,  with  the  same  potential  for  high  power  although 
probably  with  inferior  performance  in  linearity.  Finally  one  should  not  forget  the 
excellent  negative  resistance  properties  of  InP  and  GalnAs  and  of  AlInAs/GalnAs  barriers 
which  may  in  the  future  allows  new  development  in  microwaves  or  digital  applications 
/49/,  /50/. 

9  -  CONCLUSION 

Transistors  made  from  InP  compounds  have  already  shown  very  attactive  performances, 
mainly  for  microwave  and  optoelectronics  applications.  Still  some  basic  work  has  to  be 
carried  on  to  establish  suitable  technologies  and  even  to  define  device  structures.  Using 
the  same  tools  as  developed  for  GaAs  ICs  and  for  1.8  -  1.5  pm  wavelength  optoelectronic 
devices,  InP-based  transistors  are  now  able  to  enter  the  world  of  applications  in  both 
microwaves  and  optoelectronics.  A  few  laboratories,  in  particular  in  Japan,  are  even 
already  addressing  the  question  of  digital  applications  of  GalnAs  FETs.  In  Europe,  several 
Laboratories  are  also  engaged  in  research  programmes,  partly  under  EEC  funding,  aiming 
at  establishing  a  viable  InP-based  microelectronics  technology. 
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Rfesumfe  :  Les  princlpaux  phfenorafenes  physiques  qui  se  produisent  dans  les  MODFET 
conventionnels  AlGaAs/GaAs  sont  dfecrits  brifevement  :  structures  quantiques,  proprifetfes 
de  transport  -  influence  du  champ  felectrique.  La  modfelisation  des  composants  permet 
d'obtenir  des  informations  trfes  utiles  sur  leur  fonctionnement  et  les  princlpaux 
effets  physiques  qui  interviennent  tout  en  permettant  d'en  prfevoir  les  performances, 

Les  probifemes  posfes  par  les  realisations  technologiques  ou  le  fonctionnement  dans  des 
conditions  particuliferes  (haute  temperature,  grande  puissance)  sont  examines.  On 
dfecrit  les  nouvelles  structures  telles  que  les  MODFET  inverses,  les  SISFET  et  les 
MODFET  k  couches  pseudomorphiques  ainsl  que  leurs  performances  potentielles . 

Abstract  :  Physical  phenomena  that  occur  in  conventional  AlGaAs-GaA3  MODFETs  are 
briefly  described.  This  covers  quantum  effects,  carrier  transport  properties,  influence 
of  electric  field...  Progress  in  device  modeling  allow  to  obtain  valuable 
information  on  device  behaviour  as  well  as  various  intervening  physical  effects  and  to 
predict  the  performance.  Limitations  resulting  from  both  technological  imperfections 
and  specific  device  operations,  e.g.  low  temperature,  large  power  are  investigated. 

New  structures  such  a3  inverted  MODFET,  SISFET,  and  pseudomorphic  MODFETs  are  described 
and  their  potential  capabilities  are  discussed. 

1.  INTRODUCTION 

The  Modulation  doped  field  effect  transistor  (MODFET),  also  called  High  Electron  Mobility 
Transistor  ( HEMT ) ,  is  one  of  the  most  promising  devic%  for  both  microwave  and  high  speed 
digital  applications.  It  takes  advantage  of  the  enhanced  mobility  and  velocity  of  electrons  in 
the  two  dimensional  electron  gas  formed  at  selectively  doped  GaAs-AlxGai-xAs  heterojunction3. 
For  instance,  MODFET  ring  oscillators  have  demonstrated  switching  delay  times  of  10.2  pS  at 
1.03mW/stage  and  5.8  pS  at  1.7m  V /stage  at  300  K  and  77  K  respectively  using  0.35  pm  gate 
length  devices  /I/.  On  the  other  hand,  a  1.8  dB  noise  figure  has  been  mesured  at  60  GHz  in  a 
0.25pm  gate  MODFET  12/ .  At  9*1  GHz,  7  dB  small  signal  gain  was  also  measured  from  a  single 
stage  amplifier.  MODFET  constltutesalso  a  good  candidate  for  power  amplification  in  the  milli¬ 
meter  wave  range  as  has  been  shown  by  several  authors  /3/  using  multichannel  structures. 
Several  new  device  structures  have  been  proposed  and  realized  allowing  a  significant  impro¬ 
vement  of  performance.  Among  these  we  should  mention  : 

-  the  self  aligned  accumulation  mode  GaAs-MIS-like  FET  (SISFET)  (*l) 

-  the  inverted  HEMT  /5/ 

-  the  AlA3/nGaA3  3uperlattlce  HEMT  for  low  temperature  operations  /6/ 

-  the  pseudomorphic  GaAlAs  MODFET  /7/ 

-  the  multichannel  HEMT  /3/ 

-  the  n+  AlInAs/GalnAs/InP  MODFET  /8/ 

In  spite  of  the  large  number  of  theoretical  and  experimental  studies  that  have  allowed  to 
progress  in  the  understanding  of  the  basic  physical  phenomena  governing  the  device  behaviour, 
several  Important  aspects  are  not  well  known.  First  we  will  summarize  the  present  situation  of 
conventional  GaAlAs/GaAs  MODFETs.  Then,  we  will  describe  some  specific  problems  of  device 
technology  and  behaviour  under  low  temperature  conditions  and  large  signal  operation.  Finally, 
we  will  give  a  rapid  survey  of  the  various  new  HEMT  structures  and  try  to  compare  their 
capabilities . 

2.  PHYSICAL  PHENOMENON  IN  CONVENTIONAL  GaAlAs/GaAs  MODFET 

Conventional  GaAlAs/GaAs  MODFETs  (Fig.  1)  are  multilayer  structures  in  which  the  smaller  band 
gap  semiconductor  layer  (GaAs)  is  undoped  and  the  larger  band  gap  (AlGaAs)  is  n+  doped.  As  the 
electron  affinity  of  the  former  is  higher  than  that  of  the  latter,  electrons  are  diffused 
towards  GaAs,  leaving  behind  their  parent  donor  Impurities.  Electrons  are  therefore  spatially 
separated  from  the  ionized  donors  and  can  have  impressive  mobilities  (1-2  000  000  cm2/Vsec  at 
2°K).  Fig.  1  represents  a  practical  device  in  which  an  n+  GaAs  cap  layer  is  used  in  order  to 
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improve  the  access  and  contact  resistances  and  a  spacer  layer  in  order  to  reduce  the  ioni zed- 
impurity  scattering. 
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Fig. 2  :  Evolution  of  the  conduction 
band  minimum,  subband  structure  and 
carriers  concentration . 
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Fig. 1  :  Typical  AlGaAs/GaAs  MODFET 
In  figure  2,  the  spatial  evolution  of  the  conduction 
band  minimum  is  shown  for  three  values  of  the  gate 
voltage.  These  results  have  been  obtained  by  using  a 
self  consistent  solution  of  the  Schrodinger  and 
Poisson  equations  /9/.  It  can  be  observed  that  as  Vgs 
increases,  the  carrier  concentration  increases  not 
only  in  the  quantum  well  but  also  in  the  AlGaAs 
layer  due  to  quantum  effects. This  occurs,  of 
course,  when  the  width  of  the  potential  well  is 
narrow  enough  for  quantum  effects  to  occur  along  the 
direction  (oz)  perpendicular  to  the  plane  of  the 
heterojunction.  As  the  electrons  keep  two  degrees  of 
freedom,  they  form  a  two  dimensional  electron  gas 
(2DEG)  with  a  potential  energy  given  by  : 
h2 


En(k//)  «  En  +  -  (kx2  ♦  ky2)  where  n  is  an  integer. 

2m* 


The  subband  structure,  that  clearly  appears  on  this  figure  is  strongly  dependent  on  the  form 
of  the  quantum  well  and  then  on  the  gate  voltage. 


Figure  3  represents  the  relative  positions  of  the  subband  energies  /II/  with  respect  to  the 
Fermi  level  Epp  as  functions  of  the  total  carrier  concentration  in  the  well  and  then  of  gate 
voltage  for  a  typical  device  at  room  temperature  (ND  =  1  o1  ®  at/cm3,  a  =  625A,  e  -  30A). 

Looking  for  the  energy  levels  of  the  subbands,  we  can 
easily  conclude  that  we  have  to  account  for  a  minimum 
of  five  subbands  if  we  want  to  give  a  precise 
description  of  the  device.  At  equilibrium,  about  981 
of  the  carriers  occupy  the  five  lower  subbands  of 
which  90?  on  the  lowest  three.  In  the  same  way,  as 
it  has  been  shown  by  several  authors,  for  instance 
YOSHIDA  /12/,  the  calculation  of  the  electron 
distribution  must  be  based  on  Fermi  Dirac  statistics 
and  using  classical  approximation  can  cause  important 
errors . 

It  is  well  known  that  the  total  carrier  concentration 
it  an  Increasing  function  of  the  doping  concentration 
in  the  AlGaAs  layer  and  the  conduction  band  offset 
AEC  and  then  of  the  A1  mole  fraction  x. 

Due  to  partial  quantization,  the  2D  charge  transport 
properties  ought  to  be  different  from  bulk  free- 
charge  transport.  But  due  to  the  lack  of  information 
Fig. 3  :  Subband  energy  levels  as  on  this  point,  calculation  of  the  matrix  elements  of 

functions  of  Ns  the  various  scattering  mechanisms  (acoustic  and 

polar  optical  phonons .intervalley  transfert,  impuri¬ 
ties,  etc...)  is  carried  out  by  considering  a  wave  function  of  the  form  : 

y>  z)  ■  *n(z)  exp^Ckyx  ♦  kyY)j  Instead  of  the  classical  plane  wave  function,  but  however 
using  a  three  dimensional  potential  (as  in  bulk).  Of  course,  new  scattering  mechanisms  such  as 
intersubband  scattering  may  occur.  The  main  difficulty  comes  from  the  fact  that  the  collision 
probabilities  are  strongly  dependent  on  the  wave  function  that  depend  on  the  gate  potential 
and  then  vary  along  the  channel. 


n«  K)ncm'* 
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Under  low  field  conditions,  electrons  remain  in  the  quantum  well  and  their  mobility  is  the 
most  significant  parameter.  As  the  carriers  are  separated  from  the  ionized  impurities,  the 
corresponding  scattering  mechanisms  are  greatly  reduced  and  mobilities  increase  quickly  when 
the  temperature  decreases.  Values  of  8.000  cm2/Vsec,  200.000  cm2/Vsec  and  2.000,000  cm2/Vsec 
have  been  measured  respectively  at  300°k,  77°k  and  2°k  /1 3/.  The  mobility  improvement  due  to 
the  existence  of  a  spacer  layer  remains  smaller  than  15?  at  room  temperature  for  a  spacer 
layer  thickness  of  40A°  /1 4/.  As  the  carrier  concentration  strongly  decreases  /1 5/  when  the 
spacer  thickness  increases,  this  last  parameter  must  remain  smaller  than  25A°  for  devices  used 
at  room  temperature.  Of  course,  the  situation  may  be  quite  different  at  low  temperature  :  for 
instance,  the  mobility  improvement  may  reach  a  factor  of  20  at  for  a  spacer  thickness  of 
500A°  /1 6/. 

LEE  and  al  /1 4/  have  experimentally  shown  that  the  mobility  of  the  two  dimensional  electron 
gas  is  nearly  independent  of  the  carrier  concentration  ns>  at  room  temperature.  On  the 
contrary,  Monte  Carlo  simulations  /9/  indicate  that  at  77"k,  the  carrier  mobility  increase  by 
a  factor  of  two  when  the  carrier  concentration  increases  from  1011  to  10l2cm"2.  This  enhan¬ 
cement  is  due  to  screening  effect.  This  effect  is  more  pronounced  when,  at  low  temperatures, 
nearly  elastic  scattering  mechanisms  dominate  than  at  room  temperature  when  polar  optical 
phonon  scatterings  are  predominant. 

In  biased  MODFET,  electrons  in  the  2DEG  are  submitted  to  a  high  electric  field  parallel  to  the 
interface.  As  a  consequence,  they  are  able  to  transfer  first  from  the  lowest  subbands  to  the 
highest  ones  and  when  their  average  energy  becomes  comparable  to  the  quantum  well  height,  a 
lot  of  them  becomes3D.  From  a  theoretical  point  of  view,  the  treatment  of  the  transition 

between  a  2D  system  to  a  3D  one  is  a  difficult 
task.  Several  authors  /9/ ,  /1 7/ ,  /18/,  / 1 9/  have 
calculated  the  velocity  field  characteristics  in 
such  structures.  Some  of  them  have  tried  to 
account  for  several  supplementary  effects  such  as 
electron-electron  interactions,  degeneracy, 
screening  and  so  on.  On  the  other  hand,  MASSELINK 
et  al  /20/  have  made  some  measurements  of  the 
velocity  field  characteristics  in  AlGaAs/GaAs 
modulation  doped  heterostructures  at  300°K  and 
77"K.  Similar  conclusions  can  be  drawn  from  both 
theoretical  and  experimental  works  :  the  values 
of  the  electric  field  that  gives  the  peak  velo¬ 
city  are  smaller  than  those  obtained  for  bulk 
GaAs  material.  This  effect  can  be  explained  by 
observing  that  E0,  the  energy  of  the  lowest 
subband, is  close  to  50raeV,  and  then  the  transfer 
Ei&tH  :  Velocity  field  characteristic  at  to  the  L  valley  is  facilitated.  However .although 
77°K.  2DEG  :  — . —  N$  -  1.15  1012cm~2  theoretical  peak  velocities  are  the  same  (fig. 4), 

-  N§  -  101 'cm~2  - bulk  GaAs  experimental  results  indicate  that  the 

2DEG  peak  velocity  Is  lower  than  that  of  the 
lightly  doped  GaAs  bulk.  Real  space  transfer  to  the  L  and  X  valleys  of  the  AlGaAs  is  probably 
responsible  for  this  effect.  For  electric  field  values  higher  than  20KV/cm,  the  majority  of 
electrons  are  in  the  L  and  x  valleys  and  it  is  not  surprising  that  theoretical  calculations 
predict  saturated  velocity  values  similar  to  those  observed  in  bulk  GaAs.  Finally,  we  can  note 
that  such  kinds  of  theoretical  simulations  also  allow  to  evaluate  the  perpendicular  and 
parallel  diffusion  coefficients  that  are  of  primary  importance  for  evaluating  noise  behaviour. 

3.  TYPICAL  BEHAVIOUR  AMD  MAIN  CHARACTERISTICS  OF  "INTRINSIC"  OaAlAa/OaAa  MODFET 

A  lot  of  Monte  Carlo  simulations  /1 8,  21,  22,  23,  24/  and  two  dimensional  solutions  of  the 
relaxation  equations  /25,  26,  27/  allow  to  Improve  our  knowledge  of  physical  behaviour  of 
AlGaAs/GaAs  MODFET.  For  instance,  figure  5  represents  the  equiconcentration  contours  for  a 
typical  MODFET  (ND  -  1 01  Q  at/cm3,  a  -  360a-  and  e  -  40A-)  under  usual  d.c.  bias  conditions.  We 
can  easily  observe  that  an  important  carrier  injection  in  the  bulk  GaAs  occurs  at  the  exit  of 
the  gate  ;  this  contributes  noticeably  to  the  drain  current  and  is  responsible  for  a  large 
part  of  the  output  conductance.  This  result  Is  consistent  with  the  corresponding  variations  of 
the  transverse  component  of  the  electric  field  that  pushes  the  carriers  into  the  bulk  GaAs 
under  the  gate  /24/.  Equlpotentlal  and  equlenergy  contours  (fig.  6)  obtained  in  similar 
conditions  confirm  the  existence  of  a  high  field  domain  centered  on  the  quantum  well  and 
located  at  the  exit  of  the  gate.  Moreover,  we  can  easily  remark  that  the  electron  average 
energy  is  higher  than  the  height  of  the  quantum  well  during  the  main  part  of  their  drift  under 
the  gate,  for  usual  d.c.  bias  conditions.  As  a  consequence,  the  quantum  character  of  their 
behaviour  is  not  evident.  It  should  be  noted  also  that  when  electrons  cross  the  interface  from 
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Fig. 5  : 

1 01 6cm~ 


Equiconcentration  contours  (in 
3)  :  Vgs  -  -0.2V;  Vds  -  2.5V 


:  Equienergy  contours  (in  eV) 


due  to 
effects. 


the  combination  of  both 


GaAs  to  GaAlAs ,  their  average  energy  is  reduced 
and  they  become  colder.  Consequently,  in  spite  of 
the  low  GaAlAs  mobility,  the  electron  velocity  in 
AlGaAs  can  be  close  to  that  reached  in  GaAs.  As  a 
consequence,  real  space  transfer  occurs  at  the 
exit  of  the  gate,  as  it  is  clearly  shown  in  the 
fig.  7,  that  represents  the  current  density 
distribution  in  the  3ame  typical  MODFET.  This 
explains  the  decrease  in  the  2DEG  carrier 
concentration  in  the  gate-drain  region  so  that  it 
becomes  smaller  than  under  the  source  (fig. 5). 
This  effect  demonstrates  also  that  a  large  part 
of  the  drain  current  is  drawn  through  the  AlGaAs 
access  layer. 

Both  Monte  Carlo  and  two  dir.-noicnal  relaxation 
models  confirm  the  importance  of  non  stationary 
electron  dynamics  effects  for  su bmi cron  -  gate 
MODFETs  /24/.  As  it  is  shown  in  fig.  8,  the 
electron  velocities  in  the  2DEG  are  much  higher 
than  their  saturated  value  during  the  main  part 
of  their  drift  under  the  gate  and  their  peal- 
value  increases  when  the  gate  length  decreases. 
Tneir  average  value  increases  also  with  the 
decrease  in  gate  length.  These  theoretical 
predictions  are  very  well  confirmed  by  experi¬ 
mental  results  /28/  :  the  effective  average 

velocity  deduced  from  transconductance  gm  to  gate 
capacitance  Cg  ratio  increases  from  1.3x107  to 
2.3x107  when  the  gate  length  decreases  from  2pm 
to  0.15pm.  For  smaller  gate  lengths,  this  quan¬ 
tity  remains  constant  or  slowly  decreases  :  this 
variation  is  not  completely  explained  and  may  be 
two  dimensional  effects  (small  Ig/a  ratios)  and  inertial 


Fig. 7  :  Current  density  lines  in  a  MODFET 


......  ...  nsJ  :  Spatial  evolutions  of  carriers 

Note  that  several  authors  use  the  concept  of  velocities  in  the  2DEG/2A/. 

electron  saturation  velocity  deduced  either  - --Eg  -  1.2pm _ Lg  -  0.6pm 

from  d.c.  current  values  by  using  a  simple  _  Lg  -  0.3pm — • — Lg  ■  0.15pm 

formula  (Jd  -  q  Ns  V3)  or  from  the  ratio  gm/Cg.  This  concept  is  not  consistent  with  velocity 
variations  represented  in  fig.  8,  where  it  appears  that  due  to  non  stationnary  electron 
dynamics  effects,  carrier  velocities  saturate  only  after  the  end  of  the  gate  and  after  the 
occurence  of  an  important  real  space  transfer. 


Current  gain  cut-off  frequency  fT  is  the  most  important  parameter  that  allows  to  characterize 
the  capabilities  of  FETs,  whatever  kind  of  application  is  envisaged  :  low  noise  or  power 
microwave  amplification,  digital  circuits  ...  It  is  close  to  gra/2ilCgs  or  1/i  where  i  is  the 
equivalent  transit  time.  Both  theoretical  calculations  and  experimental  studies  indicate  that 
ft  is  mainly  dependent  on  gate  length.  Figure  9  represents  a  typical  dependence,  deduced  from 
Monte  Carlo  simulation,  of  this  cut-off  frequency  on  the  gate  length,  for  the  Intrinsic  "HEMT 
previously  considered  /2*t/.  It  shows  that  this  dependence  remains  (1/Lg)  as  far  as  the  gate 
length  (Lg)  to  GaAlAs  layer  thickness  (a)  ratio  is  higher  than  5.  For  smaller  ratios,  edge 
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effects  begin  to  take  a  prime  importance  and  the  improve¬ 
ment  becomes  smaller  and  smaller.  As  a  consequence,  we 
observe  a  significant  improvement  of  the  cut-off  frequency 
due  !■<■>  a  decrease  of  a,  provided  the  ratio  Lg/a  is 
smaller  than  five. 

On  the  same  figure  are  given  some  typical  experimental 
results  reported  in  literature,  and  we  can  observe  a 
significant  difference  comparing  with  theoretical  predic¬ 
tions  (that  are  quite  similar  for  several  authors).  Of 
course,  the  differences  can  be  partially  due  to  the 
influence  of  access  resistances  (mainly  source  resistances) 
that  is  not  always  correctly  taken  into  account  in  the 
experimental  results.  We  think  that  surface  potential 
effect  that  causes  a  partial  depletion  of  the  GaAlAs  layer 
and  then  a  decrease  of  the  2DEG  carrier  concentration  in 
the  access  zones  and  that  is  not  taken  into  account  in  the 
simulations  can  explain  this  difference.  As  it  appears 
from  preliminary  simulations,  for  high  values  of  the  drain 
,/l9  current,  carriers  are  hot  before  they  enter  under  the  gate 

Fig. 9  :  Theoretical  cut-off  fre-  and  then  the  transit  time  and  cut-off  frequency  can  be 
quency  dependence  /2V  upon  gate  degraded.  As  surface  potential  effect  occurs  mainly  between 

length  :  .  experimental  result  the  edge  of  the  gate  and  those  of  the  recessed  zone,  its 

influence  is  an  increasing  fonction  of  this  distance  R 
(Fig.  1).  As  the  gate  capacitances  Cgs  and  Cgd  of  the  equivalent  scheme  increase  also  when  R 
decreases,  this  dimension  is  a  critical  parameter  when  designing  such  devices. 

The  maximum  frequency  of  oscillation  is  proportional  to  the  ratio  transconductance  gm  over 
square  root  of  the  output  conductance  gd.  As  this  last  parameter  is  mainly  related  to  carrier 
injection  phenomenon  into  the  GaAs  layer,  it  is  also  degraded  when  the  ratio  Lg/a  decreases 
and  then  two  dimensional  character  of  the  carrier  movement  becomes  predominant. 

After  we  have  described  several  aspects  of  the  physical  behaviour  of  intrinsic  devices  for 
classical  d.c.  bias,  we  will  discuss  briefly  some  problems  that  appear  in  practical  devices 
used  under  various  conditions. 

4.  PRACTICAL  DEVICE  BEHAVIOUR  UHDER  VARIOUS  CONDITIONS 

The  equivalent  scheme  of  one  practical  device  includes  three  access  parasitic  resistances  : 
source  resistance  Rs,  gate  resistance  Rg  and  drain  resistance  Rd.  Two  of  them  Rg  and  Rs  have  a 
strong  influence  on  device  performance.  Using  T-shape  electrodes  and  putting  several  gates  in 
parallel,  the  gate  resistance  can  be  greatly  reduced.  For  instance,  for  a  0.25pm  gate  length, 
the  use  of  a  T  gate  instead  of  a  conventional  one  allows  to  reduce  the  gate  resistance  from 
|J00!i/mm  to  80ii/mm  /  2/.  For  smaller  gate  lengths,  this  technological  improvement  becomes 
essential . 


Reduction  of  the  source  resistance  by  contacting,  the  most  correctly  as  possible,  the  2DEG  is 
also  a  very  difficult  task.  For  this  purpose,  as  it  is  shown  in  fig.  1,  the  majority  of  recent 
devices  structures  are  recessed  ones  and  an  n++GaAs  cap  layer  is  introduced  between  the 
contact  and  the  AlGaAs  layer.  As  it  is  heavily  doped  (several  1  O'1 8 ) ,  it  provides  an  addition- 
nal  current  path  nearer  to  the  gate  /30/.  Ni  GeAu  alloyed  contacts  are  generally  used ,  but 
several  authors  estimate  that  due  to  the  lateral  diffusion,  they  destroy  the  2DEG  layer  in 
front  of  the  contact  zone.  Non  alloying  ohmic  contacts  using  n+inGaAs  cap  layer  /3!/  seem  to 
be  a  promising  solution.  Another  possibility  lies  in  the  use  of  self  aligned  ion  implantation 
but  it  needs  refractive  gates  ;  it  may  increase  the  gate  capacitances  Cgs  and  Cgd  and  destroy 
the  2DEG.  Its  use  seems  to  be  limited  to  devices  for  digital  applications.  Physical  analysis 
must  account  for  the  distributed  character  of  the  source  resistance  including  the  existence  of 


various  current  paths  through  the  cap  layer,  thin  GaAlAs  layer,  the  2DEG  (fig.  10)  and 
Source  Gol,  through  the  different  barriers  by  tunnelling 

IY//^  effect.  At  room  temperature,  the  current  path 
JJ*  GoAi  \  '//y// through  the  cap  layer  is  predominant.  In  mlcro- 

— Tx — m — — ET^1 — H\  /yyyywave  or  transient  regimes,  it  must  be  taken 

-  - :  if - t  "\  //vvyinto  account  not  only  all  these  elements  but 

r  ::  'also  the  displacement  currents  passing  through 

L_  ,  ’  n*GaAIA«  the  tw0  depleted  zone  on  both  sides  of  the 

—  fjF - :  Jr~  Z U""  J~  ~5DEG  GaAlAs  layer.  It  is  possible  by  introducing 

M  lW  m  c“  m  parasitic  capacitances  (fig.  10).  As  it  has 

been  shown  theoretically  and  experimentally  by 


:  Equivalent  scheme  of  the  source  access  zone/32/ 
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VERSNAYEN  /32/,  this  effect  may  contribute  to  a  decrease  of  the  equivalent  Rs  by  a  factor  of  3 
between  2  and  60  GHz. 

For  low  noise  amplification,  it  is  almost  established  that  the  noise  figure  is  an  increasing 
function  of  both  gate  and  source  resistance.  Moreover  due  to  the  better  carrier-dynamics 
properties  in  the  2DEG,  MODFET  has  better  noise  performance  than  MESFET  for  the  same  gate 
length  /33/.  However,  some  major  differences  appear  between  the  various  theoretical  predic¬ 
tions  and  the  agreement  is  always  not  very  good.  Very  recently,  A.  CAPPY  /39/  has  proposed  a 
new  formulation  for  calculating  the  FET  drain  and  gate  noise  sources,  based  on  the  concept  of 
the  local  equivalent  circuit  at  each  abscissa  in  the  channel  and  a  new  approach  of  the 
impedance  field  method.  Typical  results  are  resumed  in  figure  11,  that  shows  the  frequency 

dependence  of  noise  figure  for  a  quarter  micron  gate 
length  MODFET  by  using  the  new  method  and  the  classical 
one.  The  influence  of  access  resistance  is  clearly 
shown  and  a  very  good  agreement  with  recent  experimen¬ 
tal  results  of  P.M.  SMITH  /2/  et  al  can  be  observed  up 
to  60  GHz. 

The  very  large  increase  of  electron  mobility  when  the 
temperature  decreases  from  room  temperature  to  77°K 
(factor  12  to  25)  and  to  (factor  125  to  250)  may 

let  us  imagine  an  important  improvement  of  the  perfor¬ 
mance.  is  partially  true  :  for  instance,  late 

results  obtained  by  K.M.  DUH  /35/  show  that  the  cryo¬ 
genic  noise  performance  of  MODFET  (noise  temperature  of 
5.3“K  at  12. 5K)  approaches  that  of  masers  at  frequen¬ 
cies  below  X  band.  But  the  improvement  in  current  gain 
cut-off  frequencies  do  not  follow  the  ratio  of 
Fig. 11  :  MODFET  noise  figure  versus  carrier  mobility  but  that  of  average  velocity  :  Monte 
frequency/31!/.  Lg  ■=  0.25um  classical  Carlo  simulations  /2A/  predict  only  an  improvement  of 

theory - ;  New  formulation. -  60J  between  room  temperature  and  77°K.  Experimental 

•  Experimental  points  results  /36/  are  in  good  agreement  with  these  predic¬ 

tions  and  show  also  a  corresponding  decrease  of  the  source  resistance.  However,  these 
interesting  properties  cannot  be  always  used  due  to  deleterious  effects  such  as  collapse, 
persistant  photoconductivity  and  variations  of  the  threshold  voltage  with  temperature.  All 
these  effects  are  due  to  the  existence  of  deep-level  trapping  in  AlGaAs  by  the  so-called  DX 
centers.  Collapse  is  characterized  by  an  important  increase  of  drain  resistance  (for  several 
ohms  to  several  kQ  in  certain  cases)  when  positive  strains  are  applied  on  the  gate  and  the 
drain  /36,  37/  ;  it  is  due  to  the  trapping  of  hot  electrons  in  the  AlGaAs  layer  after  real 
space  transfer  at  the  gate  end.  It  seems  that  it  can  be  suppressed  by  choosing  the  distance 
between  the  gate  end  and  the  edge  of  the  recessed  zone  smaller  than  0.3  or  O.^um  /36,  39/. 
Our  knowledge  of  deep  trap  level  in  AlGaAs  has  been  significantly  improved  recently  (ifO-All. 
As  this  deep  level  approximately  follows  the  L  valley  minimum  which  changes  with  Al  composi¬ 
tion  x  and  is  taken  to  be  located  at  1A0  to  160  meV  below  the  l  valley,  its  influence  can  be 
suppressed  only  by  using  x  values  smaller  than  0.15-0.17  for  usual  ( 1 01 8)  and  uniform  doping 
levels.  However  in  this  case,  the  height  of  the  potential  well  AEc  and  then  Ns  are  reduced  by 
a  factor  of  two  as  compared  to  conventional  x  composition  (0.25-0.3).  Such  devices  may  have  a 
small  drain  current  that  constitutes  a  severe  limitation  for  a  lot  of  applications. 

For  other  applications,  several  phenomenon  limits  strongly  the  capabilities  of  the  device. 
First  the  maximum  power  is  proportional  to  the  product  of  the  maximum  drain  current  ID  and  the 
breakdown  voltage  VBD.  For  conventional  structures,  the  drain  current  is  smaller  than 
250mA-300mA/mra  Instead  of  *100mA/mm  for  a  typical  power  MESFET.  On  the  other  hand,  breakdown 
voltages  are  close  to  7-10V  that  is  also  smaller  than  that  of  classical  MESFET. 

Secondly,  one  fundamental  parameter  for  digital  applications  is  the  threshold  voltage  or  the 
pinch-off  voltage  Vp  and  its  uniformity  along  the  wafer.  As  the  pinch-off  voltage  is  given  by: 
vp-q.Noa2/2e  ,  a  very  good  uniformity  of  both  doping  level  and  epitaxial  layer  is  needed. 

In  order  to  overcome  the  problems  met  with  such  conventional  structures,  a  great  number  of 
device  structures  has  been  developed. 

5.  MEW  MODFET  STRUCTURES 

We  will  describe  briefly  the  main  aspects  and  discuss  the  potential  advantages  and 
disadvantages  of  some  of  these  new  structures. 

Inverted  MODFET 

In  the  first  works  on  MODFET  (for  Instance  /29/,  / 42/ ,  inverted  structures  with  low-doped  GaAs 
on  the  top  were  considered  (Fig. 12).  As  the  channel  in  this  case  is  much  nearer  to  the  gate, 
much  higher  transconductance  can  be  expected  for  the  same  pinch-off  voltage.  But  the  first 
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realizations  indicate  small  low  field  mobilities  in  the  channel  probably  due  to  an  out  diffu¬ 
sion  of  Si  impurities  through  the  heterojunction.  On  the  other  hand,  the  conduction  in  the 

embedded  AlGaAs  N+  layer,  if  it  is  not  comple¬ 
tely  depleted,  may  lead  to  an  undesirable 
parasitic  conductance.  The  optimization  of 
growth  conditions  or  the  use  of  superlattice 
AlAs/GaAs  structures  instead  of  !1+  GaAlAs 
layers  has  allowed  to  improve  the  carrier 
mobility  in  the  channel  (up  to  20.000  cm2/v  sec 
at  77 K )  and  to  obtain  very  promising  perfor¬ 
mance.  For  instance  CIRILLO  et  al  /5/  have 
obtained  the  highest  transconductance  reported 
today  for  1um  FET  (1810  mS/mm  at  77°K  and  1180 
mS/mm  at  300GK)  in  spite  of  a  high  value  of 
Fig, 1 2  :  Inverted  M0DFET  the  source  resistance,  that  may  be  due  to  sur¬ 

face  effects. The  main  limitations  seem  to  come 

from  the  gate  current  values.  More  recently  FUJISHIRO  /43/  has  shown  the  very  promising  capa¬ 
bilities  of  improved  structures  using  n  and  n*  layers  on  the  top  of  the  undopeo  GaAs  for  high 
speed  integrated  circuits  :  11,8  pS/gate  propagation  delay  and  0.33  mV  threshold-voltage 

standard  deviation  by  wafer.  Mainly,  they  observe  a  large  improvement  in  the  output  conduc¬ 
tance  for  small  gate  lengths  (2mS/mm  for  0.3^m  aate)  that  indicates  a  better  confinement  of 
carriers  and  the  suppression  of  short  channel  effects. 

SISFET  and  MIS  like  FET 

In  order  to  improve  the  uniformity  of  threshold  voltage,  several  authors  / 4 ,  44,  45/  have 
proposed  to  substitute  uy  n+AlGaAs  layer  an  undoped  AlGaAs  layer  in  a  M0DFET.  In  this  case, 
the  threshold  voltage  is  independant  of  the  characteristics  of  the  AlGaAs  layer  and  is  only 
dependent  on  the  materials  used  for  the  gate  electrode.  In  the  first  realization  of  SISFETs 
(fig.  13),  the  gate  was  an  n*GaAs  /4/  with  a  threshold  voltage  close  toOV.More  recently,  the 

Gate  N- channel  FET  P- channel  FET 


Fig. 13  :  Schematic  structure  of  SISFET  Fig.m  :  Schematic  view  of  the  n  channel  and 

p  channel  MIS  like  FET 

gate  was  i+Ge  covered  by  a  metallization 

layer  of  WSi  (Vth  -  0.1  to  0.4V).  In  other  structures  called  HIGHFETs  or  MIS-like  FE'fe,  a 
Schottky  contact  WSi/undoped  GaAlAs  gives  a  threshold  voltage  close  to  0.8V.  Very  promising 
results  have  been  obtained,  for  instance  a  threshold  voltage  standard  deviation  close  to  11  mV 


over  2 -inches  wafer  for  a  Ge  gate  SISFET.  a  transconductance  as  high  as  470mS/mm  for  a  0.6utn 
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gate  and  a  5^  GHz  cut-off  frequency.  Moreover, 
p  channel  MIS  like  FET's  /46/  can  be  fabrica¬ 
ted  on  the  same  wafer  than  n+  channel  SISFET 
(fig.  14)  and  allow  the  realization  of  com¬ 
plementary  structures.  However,  two  main 
problems  limit  the  capabilities  of  such  struc¬ 
tures,  the  gate  current  that  may  reach  102  to 
103  A/cm2  for  a  voltage  of  0.8V  above  thres¬ 
hold  (fig.  15)  and  the  gate  resistance  that 
may  by  100  times  greater  than  a  conventional 
M0DFET.  Note  that  in  order  to  improve  the 
confinement  of  the  2DEG  and  then  the  output 
conductance,  new  heterostructures  such  as  the 
quantum  well  metal  insulator  inverted  inter¬ 
face  semiconductor  FET  (QWMlSoFET)  have  been 


iv^i-Vii  v  realized  with  n  and  p  channel  /47/. 

ns  •15  •  Typical  carriers  concentration  and  In  order  to  suppress  parasitic  effects  occu- 


gate  current  variations  versus  gate  voltage  ring  under  low  temperature  conditions,  we  can 
for  SISFET  or  MIS  like  FET  conceive  the  structure  in  order  that  the 
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majority  of  DX  centers  will  be  always  depleted  of  electrons.  It  can  be  obtained  by  using  a  non 
uniform  doping  /36,A9/  in  the  AlGaAs  layer  (fig.  16).  However,  such  a  structure  may  need  gate 
self  aligned  implantation  technique  if  we  want  to  keep  very  small  values  of  source  access 
resistances.  More  complicated  solutions  have  been  proposed  for  instance  by  HIYAMAZU  /A8/.  A 

- delta  planar  doped  AlAs/GaAs/AlAs  quantum  well  is 

n*  GaAs  500A  close  to  the  2  DEG.  As  the  donor  atoms  are 

localized  in  the  GaAs,  no  parasitic  effects  can  be 

Low” doped"  AlGaAs  x-h~  250A  observed  at  ?VK 

-  .SJU- _  iMHPAi - sA  -  40A  For  power  applications,  theoretical  studies  and  device 

o  optimization  are  necessary  to  improve  at  the  same  time 

Undoped  GaAs  H  breakdown  voltage,  maximum  current  and  linearity.  Y. 

_  CROSNIER  et  al  have  shown  that  not  only  avalanche  ef- 

Sl  Substrate  fects  but  also  tunneling  phenomena  /50/  determine  mainly 

the  breakdown  behaviour  and  the  use  of  undoped  layers 

- under  the  gate  (as  in  fig.  16)  allow  to  improve  the 

Fig. 16  :Example  of  a  specific  struc-  breakdown  voltage  by  a  factor  of  two.  Recently  A. I. 
ture  allowing  the  suppression  of  low  AKINWANDE  et  al  /51 /proposed  also  to  reduce  locally  the 
temperature  parasitic  effects/36/  doping  level  in  the  AlGaAs  layer  between  gate  and  drain 

and  they  obtained  very  promising  results  :  a  gate  to 
drain  reverse  breakdown  voltage  close  to  20  V.  Using  two,  three,  four  or  six  DEG  channels  in 
parallel,  multichannel  HEMTs  /3,52,53/  allow  to  obtain  higher  drain  current  and  then  higher 
output  power  :  600  mA/mm  to  800  mA/mm  instead  of  250-300  mA/mm  for  conventional  devices. 

However  the  structure  becomes  very  complicated,  with  16  different  layers  for  instance,  mainly 
on  contacting  all  the  2DEG  with  low  access  resistance.  The  transconductance  may  become  small 
when  the  deepest  2 DEG  becomes  out  of  control  of  gate  voltage.  However,  with  a  proper  design 
and  theoretical  optimization  /52/,  a  very  good  linearity  can  be  reached  as  shown  in  fig.  17 
for  a  triple  channel  MODFET.  Promising  results  have  been  recently  obtained  in  millimeter 

1-35 - 1 - 1 - r- -  wave  range  by  HIK0SAKA  /5 4/  with  a  six  channel  MODFET 

(for  instance  1,2  W  at  30  GHz). 

fj  GHz  Use  of  InGaAs 

The  ternary  compound  Ino.  53Gao.  117AS  matched  on  InP  is 

,20  _ . _  vdl(v)  .  appeared  for  a  long  time  as  a  very  attractive  material 

2  for  microwave  applications,  due  to  its  high  mobility 

/y  \  (13-800  cm2  v/sec)  and  high  values  of  the  average  elec- 

/  y - v.  tron  velocity  in  submicrometer  devices  /55/.  With  an 

/  .  h*Ino.52Alo.48As,  it  constitutes  a  very  promising  hete- 

/  ’  restructure  /56/  because  of  the  large  conduction  band 

'  discontinuity  (0,53  eV  instead  of  0,23  eV  for 

y  N.  A10.3Gao.7As).  As  a  consequence,  2DEG  concentration  Ns 

.3  .2  .1  vGSlV’o  X°-5  .1  may  reach  3.7  10l2Cnr2  instead  of  1012  for  a  conventio- 

- 1 - 1 - 1 -  nal  AlGaAs/GaAs  device.  Due  to  good  transport 

Fig. 17  :Cut-off  frequency  variations  properties  of  n+AHnAs  (quite  similar  to  GaAs), the 
versus  gate  voltage  for  a  0.8Mm  deleterious  influence  of  "parasitic  MESFET"  is  less 

triple  channel  MODFET  /52/  pronounced.  Of  course,  some  problems  remain  such  as  the 

quality  of  InP  S.I.  substrates,  the  epitaxial  growth  of 
InAlAs  and  the  height  of  the  Schottky  barrier.  But  the  device  performance  is  very  attractive 
/58-59Z  ;  for  instance  a  7.2pS/gate  propagation  delay  (Lg  «  0.2ym)  and  a  current  gain  cut-off 
frequency  of  1 30  GHz  (Lg-0.2Mm). 

Pseudomorphlc  MODFET 

As  S.I.  GaAs  substrates  are  of  better  quality  than  InP  ones,  and  having  in  mind  the  interes¬ 
ting  properties  of  GalnAs,  several  authors  have  proposed  to  join  these  unmatched  materials 
/7/.  The  lattice-mismatched  layer  is  thin  enough,  so  that  the  mismatch  is  accomodated  as 
elastic  strain  :  it  can  be  free  from  dislocation  /60/  and  be  considered  as  pseudomorphic  (fig. 
18).  HENDERSON  /6 1  /  has  shown  that  the  optimum  value  of  the  In  mole  fraction  y  in  Ga^yinyAs 
i3  close  to  0.2  and  that  the  critical  thickness  of  the  strained  layer  is  a  decreasing  function 
of  the  In  mole  fraction  (typically  200A''  for  y  -0.15).  Due  to  the  higher  value  of  the  quantum 

,  well  height  (0.3eVfor  AlQ.15Gao.85As),  the  carrier  concen- 

\  _  .  tration  is  higher  than  in  the  conventional  structure. 

\  n-AlaGa  mAi 

Al  Oai*  \  Moreover  carrier  injection  and  then  output  conductance  are 

°*  \  p- GaAs  reduced  due  to  the  potential  barrier  between  the  strained 

\  Udor  d  b  Go  Ai  layer  and  the  GaAs  buffer.  Although  the  transport  proper¬ 
's^  *  VUn3op»d',r— — Et  ties  ror  both  electrons  and  holes  under  low  and  high  fields 

f  j  remain  not  well  established,  a  lot  of  various  devices  has 

- - 1  - If  been  developed  :  n  channel  MODFET  /60/ ,  p  channel  quantum 

well  Ml3sFET  /62/,  p  channel  simple  /63/  and  multiple  / 6 h / 
Fig. 18  :  Pseudomorphic  AlGaAs/GalnAs  MODFET 


VGSW0 


n-Aj„GowAi 
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quantum  well  MODFET,  planar  n  doped  double  quantum  well  MODFET  /65/.  At  first  we  can  note  that 
due  to  the  small  value  of  the  A1  mole  fraction  In  AlGaAs  (typically  x  -  0.15),  .no  parasitic 
effects  such  as  PPC  occur  at  low  temperature.  Secondly,  p  layer  structures  appear  very 
attractive,  due  to  the  hole  mobility  improvement  caused  by  strain,  that  lifts  the  zone  center 
degeneracy  at  the  top  of  the  valence  band.  It  has  been  demonstrated  /64/  that  this  kind  of 

heavy  hole  has  a  relatively  light  effective  mass  (m*/me  -  0.1  to  0.2). 

Finally,  a  lot  of  works  has  been  done  on  both  the  transport  properties  /66/  and  device  capabi¬ 

lities  /67/  of  pseudomorphic  InyGai-yAs/Ino.52Alo.48As  heterostructures,  where  y  is  the  In 
mole  fraction  varying  from  0.53  (matched  on  InP)  to  0.65  for  instance.  The  basic  idea  of  this 
last  family  of  devices  is  to  try  to  profit  from  carrier  velocity  improvement  resulting  from 
the  increase  of  In  mole  fraction  in  InGaAs.  The  first  results  are  very  promising  j  a  drain 
saturation  current  of  1  A/mm  and  a  cut-off  frequency  of  6k  GHz  /67/  for  a  0.5pm  gate  mono¬ 
channel  Ino.6Gao.liAs/Ino.52A10.48As  MODFET. 

In  brief,  pseudomorphic  MODFETs  have  given  the  best  performance  known  today  :  a 
current  gain  cut-off  frequency  of  165  GHz  for  a  0.18pm  gate  and  a  maximum  output  power  of 
0.67W/mm  at  60GHz  with  22%  of  efficiency  /65/ 

6.  CONCLUSION 

Very  important  progress  has  been  realized  during  the  last  years  in  our  knowledge  of  phenomena 
that  occur  in  conventional  AlGaAs/GaAs  MODFET  and  in  device  behaviour  and  modelisatlon .  Of 
course,  several  basic  research  works  must  be  followed  concerning  some  specific  device 
conditions,  such  as  very  low  or  high  temperature  operation  for  instance.  Mainly  due  to  the 
reduction  of  gate  length  up  to  0.1 Mm,  a  significant  improvement  of  performance  has  been 
recently  obtained.  However,  due  to  parasitic  effects  (gate  and  source  resistances)  and  carrier 
injection  in  the  buffer  layer,  it  has  not  been  completely  reapedprofit  from  this  reduction. 
Technological  efforts  must  be  done  and  new  kind3  of  structures  can  be  used  in  order  to 
overcome  this  difficulty.  Among  these  new  devices,  hetero3tructures  using  undoped  layers  seem 
to  offer  a  good  answer  to  the  problem  of  threshold  voltage  uniformity  for  digital  applica¬ 
tions.  Carrier  transport  properties  in  pseudomorphic  devices  constitute  a  very  large  and 
interesting  basic  research  field  for  the  next  future.  Progress  in  our  knowledge  of  3ueh 
pseudomorphic  devices  and  improvements  in  technological  realization  can  lead  to  improve  the 
present  performance  by  a  factor  of  two  in  the  next  years.  For  example,  a  0.1pm  gate  device  may 
possess  current  gain  cut-off  frequencies  that  reach  250  GHz  and  switching  time  smaller  than 
4pS  at  room  temperature. 
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CHARGE  PUMPING  IN  SILICON  ON  INSULATOR  STRUCTURES  USING  GATED  P-I-N  DIODES 


T.  ELEWA,  H.  HADDARA,  S.  CRISTOLOVEANU  and  M.  BRUEL* 

Laboratolre  de  Physique  des  Composants  &  Semiconducteurs  ( CNRS-UR ) , 
ENSERG,  23,  rue  des  Martyrs.  F -38031  Grenoble  Cedex,  France 
*  LET I .  CENG,  85X,  F-38041  Grenoble  Cedex,  France 

Rdsumd  -  Nous  prdsentons  une  extension  de  la  technique  de  pompage  de  charge  sur  des  diodes  P +  IN +  k  grille  de 
contrdle,  fabriqudes  sur  silicium  sur  isolant.  Cette  mdthode  nous  permet  d’accdder  aux  propridtds  des  interfaces  des 
structures  SOS  et  SIMOX,  tout  en  dvitant  [’utilisation  de  transistors  MOS  &  5  contacts.  Les  mesures  effectudes  sur 
SIMOX  en  pulsant  la  grille  et/ou  le  substrat  rdvdlent  l'existence  d’une  forte  densitd  d’dtats  d’interface  rapides  et  de 
pidges  volumiques  au  voisinage  de  l’oxyde  enterrd. 

Abstract  -  The  extension  of  the  charge  pumping  technique  to  gated  P  +  IN  +  diodes  fabricated  on  silicon  on  insulator  is 
analysed.  This  method  allows  us  to  evaluate  the  interface  properties  in  SOS  and  SIMOX  structures,  without  the  need  for 
5-terminal  MOS  transistors.  The  experiment,  performed  on  SIMOX  films  by  pulsing  both  the  gate  and  substrate,  reveal 
the  existence  of  a  high  density  of  fast  interface  states  and  bulk  traps  near  the  buried  oxide. 


1  -  INTRODUCTION 

The  great  interest  in  Silicon  On  Insulator  (SOI)  structures  has  generated  an  effort  in  the  research  of  appropriate  and  reliable 
interface  characterization  techniques.  Indeed,  conventional  MOS  capacitance  measurements  suffer  from  the  inherent  existence  of 
high  series  resistances  and  interface  coupling  in  very  thin  films  SI/.  Current  based  techniques  (dynamic  transconductance  SIS, 
low  frequency  noise  Si/)  are  much  more  suitable  for  SOI. 

It  has  been  recently  demonstrated  that  the  charge  pumping  can  be  successfully  applied  to  short-channel  MOSFETs  fabricated  in 
SOI  /4,5/.  This  technique  is  able  to  resolve  the  contributions  of  front  and  back  interfaces  while  avoiding  the  influence  of  parasitic 
capacitances  and  series  resistances.  A  major  practical  limitation  is,  however,  due  to  the  necessity  of  a  film  contact  to  measure  the 
charge  pumping  current ;  this  requires  the  fabrication  of  special  5-terminal  MOSFETs.  In  this  paper  we  make  use  of  the  presence 
of  the  charge  pumping  phenomenon  in  standard  gate-controlled  diodes  /(S  in  order  to  demonstrate  that  charge  pumping 
measurements  can  be  used  to  characterize  not  only  the  two  interfaces  but  also  the  bulk  traps  in  SOI  films. 


J-j_A  VC=6V 


■VR=0.1V 


X _ _ _ T 


VB 

Fig.1.  Experimental  set-up  of  charge  pumping  technique 


2-  EXPERIMENT 

The  schematic  set-up  of  the  experiment  is  shown  in  Fig.  1.  The  P  +  PN+  diode  is  reverse  biased  while  the  gate  is  continuously 
pulsed  from  strong  inversion  to  accumulation.  In  strong  inversion,  minority  carriers  are  rapidly  supplied  by  the  N  +  contact  to 
form  the  inversion  layer  and  fill  the  interface  traps.  As  the  device  is  pulsed  into  accumulation,  the  inversion  layer  electrons  return 
almost  instantaneously  to  the  N  +  contact  whereas  trapped  electrons  recombine  with  majority  carriers  supplied  by  the  P  +  contact. 
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This  recombination  and  the  underlying  net  flow  of  holes  give  rise  to  a  charge  pumping  current  ICn  in  the  film  which  is  proportional 
to  both  the  pulse  frequency  (Fig.  2)  and  the  amount  of  interface  traps  /4-6/.  It  follows  that  the  P  +  contact  plays  here  the  role  of 
the  film  contact  in  the  5-terminal  MOSFET.  The  method  was  validated  by  comparison  with  conventional  charge  pumping  in  5- 
terminal  MOSFET’s  and  dynamic  transconductance  measurements. 


f  (Hz) 

Fig. 2.  Charge  pumping  current  versus 
frequency  for  SOS  diodes 


The  influence  of  gate  length,  reverse  bias  and  substrate  bias  are  also  investigated.  A  further  development  consists  of  taking  into 
consideration  the  contributions  of  two  emission  processes.  Firstly,  some  of  the  interface  states  can  be  directly  filled  by  the  emission 
of  holes  to  the  valence  band.  Secondly,  a  portion  of  the  trapped  minority  carriers  are  emitted  from  the  interface  states  in  the 
silicon  conduction  band  instead  of  recombining  with  substrate  majority  carriers.  The  model  shows  that  by  changing  the  4 
parameters  of  the  gate  pulse  (top  and  bottom  levels,  rise  and  fall  times)  it  becomes  possible  to  determine  the  energy  profile  of 
interface  states  /!/. 

The  experiment  was  carried  out  in  silicon  on  sapphire  (SOS)  films  0.5  pm  thick  and  in  SIMOX  structures  formed  by  deep  oxygen 
implantation  (200  keV,  1.7xl018  O/cm2)  and  high  temperature  annealing.  The  thicknesses  of  the  Si  film  and  buried  oxide  were 
about  0.2  pm  and  0.4  pm,  respectively.  The  silicon  overlayer  forming  the  diode  base  was  either  P-type  doped  or  natural  with  an 
unintentional  residual  doping  of  about  lO15  cm'3  still  subsisting  as  a  consequence  of  the  annealing  process  and  oxygen  activity. 

3-  DISCUSSION 

Figure  2  shows  the  variation  of  ICp  with  the  pulse  frequency  for  two  SOS  diodes  of  different  lengths  (L  =  5  pm,  L  =  20  pm).  The 
linear  behaviour  of  Iq,  with  the  frequency  is  in  agreement  with  the  theoretical  predictions  [7]  ,  however  the  ratio  between  the  two 
currents  is  greater  than  that  between  the  two  gate  areas.  This  is  attributed  to  a  geometric  component  present  in  the  longer  device. 
Indeed,  some  of  the  inversion  electrons  may  recombine  with  holes  supplied  by  the  P  +  contact  and  contribute  to  the  total  measured 
current  (Fig.  3  for  L  -  20  pm).  This  effect  is  observed  for  transistors  with  relatively  long  channels :  L  >  20  pm.  Bearing  in  mind 
that  the  inversion  layer  formation  delay  in  a  P-I-N  diode  is  twice  as  large  as  in  a  transistor,  one  should  expect  the  geometric 
component  to  exist  in  diodes  of  gate  lengths  of  the  order  of  10  pm. 

Figure  3  shows  Iq,  versus  the  pulse  base  level  for  the  two  diodes.  For  L  »  20  pm,  lCp  does  not  go  to  zero  when  the  whole  pulse 
lies  in  strong  inversion ;  according  to  Elliot  /%/ ,  this  confirms  the  presence  of  a  geometric  component.  In  contrast,  for  the  shorter 
diode,  Iq,  decays  rapidly  as  the  pulse  excursion  is  shifted  towards  accumulation  or  strong  inversion. 
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Fig. 3.  Influence  of  the  geometric  component 
on  the  charge  pumping  current  mea¬ 
sured  as  a  function  of  the  gate  pulse 
base  level 


More  information  about  bulk  traps  is  obtained  by  pulsing  simultaneously  both  gates.  According  to  the  new  principle  of  volume 
inversion  /8/ ,  not  only  the  two  interfaces  but  also  the  whole  film  volume  are  now  driven  from  accumulation  into  strong  inversion.  In 
our  case  (Fig.  4),  the  total  value  of  Icp  is  almost  the  same  as  that  of  the  back  interface.  This  implies  that  bulk  traps  are  localized 
mainly  near  the  buried  oxide. 
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Furthermore,  Fig.  5  shows  a  maximum  in  Igj  at  the  front  interface  as  the  substrate  voltage  is  varied.  The  behaviour  of  this  curve 
can  be  explained  by  the  fact  that  when  the  back  interface  is  in  strong  inversion  or  in  accumulation,  the  influence  of  the  front  gate 
bias  on  the  back  interface  potential  is  negligible.  On  the  other  hand,  when  the  back  gate  is  biased  in  depletion  or  weak  inversion  a 
larger  portion  of  the  energy  gap  can  be  scanned  near  the  buried  oxide  as  a  consequence  of  the  front  gate  pulse.  This  leads  to  a 
partial  pumping  of  those  charges  which  are  trapped  near  the  back  interface.  The  maximum  in  Ic„  (Fig.  5)  corresponds,  therefore, 
to  an  additional  contribution  of  the  more  defective  region  situated  close  to  the  buried  interface. 


VB  (V) 

Fig. 5.  Front  interface  charge  pumping 
current  versus  back  gate  bias 


4-  CONCLUSION 

In  conclusion,  the  extension  of  the  charge  pumping  method  to  gated  diodes  offers  an  elegant  alternative  to  5-terminal  transistors  for 
the  assessment  of  bulk  traps  in  the  Si  film  and  fast  states  at  the  interfaces  of  SOI  structures.  The  density  of  fast  states  was  found  to 
be  reasonably  low  (lO1*  cm'zeV"1)  at  the  front  interface  in  both  SOS  and  SIMOX.  A  higher  density  of  traps  was  determined  for 
the  buried  interface  and  results  probably  from  the  oxygen  implantation  induced  damage.  The  charge  pumping  in  P-I-N  diodes  is  a 
simple  and  accurate  method  and  does  not  require  any  ad-hoc  test  device  to  be  specially  processed. 
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Abstract  -  A  characterization  technique  is  described  which  is  capable  of  measuring  the  salient  electronic 
properties  of  the  layered  structure  formed  during  the  internal  gettering  process  in  Czochralski  grown  silicon. 
The  method  is  contactless  and  involves  the  use  of  a  two  laser,  pump-probe,  system  to  measure  the  carrier 
lifetimes  in  the  defect-free-zone  (DFZ)  and  the  bulk  as  well  as  to  measure  the  width  of  the  DFZ.  Excellent 
agreement  is  found  with  the  results  of  theory  and  those  of  the  standard  bevel  and  etch  method. 


INTRODUCTION 


The  use  of  oxygen  rich  Czochralski-grown  silicon  wafers,  in  the  manufacture  of  electronic  devices,  has  created  a  need  for 
new  methods  to  characterize  the  salient  features  of  the  resulting  layered  structure,  which  is  shown  schematically  in  Figure  1. 

High  temperature  processing,  early  in  the  manufacture  of  electronic  devices,  causes  the  oxygen,  incorporated  during  crystal 
growth,  to  diffuse  out  of  the  near  surface  region.  Subsequent  hot  processing  allows  the  supersaturated  solution  of  oxygen  in 
silicon  to  form  a  mixture  of  silicon-oxygen  phases.  Due  to  the  gross  density  mismatch  between  the  silicon  matrix  and  the  SiO 
precipitates,  silicon  interstitials  are  generated  at  the  precipitation  site.  These  interstitials  often  condense  to  form 
dislocation  loops  and  stacking  faults.  Therefore  the  resulting  substrate  is  found  to  have  a  highly  defective  bulk,  where 
precipitation  is  dense,  and  a  near  defect  free  zone  (DFZ)  near  the  wafer’s  surface  where  out-diffusion  has  denuded  the  region 
of  sufficient  oxygen  for  precipitation.  This  region  is  also  known  as  a  precipitate  free  zone  (PFZ).  This  process  of  oxygen 
out-diffusion  and  precipitation  is  known  as  internal  gettering,  as  the  precipitate-dislocation-complexes  are  round  to  be 
effective  sites  for  the  trapping  metallic*  away  from  the  device  active  region  {!].  Effective  use  of  this  gettering  method 
requires  the  ability  to  evaluate  the  relationship  of  various  process  and  material  parameters  on  the  efficiency  of  the  gettering 
action  and  the  effects  on  device  performance  and  yield.  Here,  a  contactless  characterization  technique  is  demonstrated,  which 
yields  excellent  agreement  with  the  standard  bevel  and  etch  method,  for  the  determination  of  the  DFZ/PFZ,  as  well  as  providing 
a  measure  of  the  near-surface  and  bulk  carrier  lifetimes. 

The  method  described  here  is  an  extension  of  the  pump-probe  technique,  pioneered  by  Harrick  [2]  and  since  advanced  by 
several  authors  [3-5],  which  monitors  the  modulation  of  the  transraision  of  a  sub-bandgap  probe  by  excess  free  carriers.  In 
this  case,  a  dye  laser  is  used  to  generate  free  carriers  at  the  wafer’s  surface  with  nanosecond  pulses  of  highly  absorbed  blue 
light  (480  nm).  The  infrared  output  of  a  COj  (11.7  >im)  laser  is  used  as  a  probe  of  the  free  carrier  concentration.  The  two 
beams  are  made  nearly  collinear  using  a  ZnS  optic  and  are  normally  incident  to  the  sample.  The  transmitted  intensity  of  the 
infrared  signal  is  measured  using  a  fast  (  20ns),  cooled,  HgCdTe  detector.  A  schematic  of  the  experimental  arrangement  is  shown 
in  Figure  2.  A  very  wide  band-width  amplifier  is  used  so  as  not  to  elliminate  any  fourier  components  of  the  signal.  The 
temporal  evolution  of  the  modulated  infrared  transmission  is  directly  related  to  the  free  carrier  dynamics.  Sampling  resolution 
on  the  order  of  tens  of  nanoseconds  as  well  as  signal  to  noise  ratios  of  *100,  allow  the  analysis  of  carrier  dynamics,  as  the 
carriers  diffuse  from  the  surface  into  the  bulk,  using  single  transient  measurements.  Typical  results  for  a  homogeneous  sample 
and  a  layered  structure,  are  shown  in  Figures  3  and  4  respectively. 


*  Previous  address  :  IB*t  East  Fishkill  Laboratories.  Hopewell  Jnct..  NY  12533.  U.S.A..Work  was  originated  as 
part  of  an  M.S.  Thesis  at  the  Physics  Dept,  of  Worcester  Polytechnic  Institute.  Worcester.  MA  12603.  USA., 
completed  10.1967 
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THEORETICAL  BACKGROUND 

The  absorption  of  light  in  silicon  is  determined  by  lattice  and  impurity  vibrational  coupling  as  well  as  electronic 
contributions, 


a  =  a  +  a.  +  a 


(i) 


The  electronic  contribution  to  the  absorption,  for  sub-bandgap  light,  is  linearly  related  to  the  free  carrier  density, 


u  —  K  n  +  K  p 

t  n  pK 


(2) 


where  K=t  !c  and  C  is  a  material  constant.  Therefore,  the  transmission  of  sub-bandgap  light  is  directly  related  to  the 
free  carrier  density.  Long  probe  wavelengths  should  be  used  for  greater  sensitivity. 

Assuming  an  instantaneous  pulse  source  of  above  bandgap  light,  the  initial  spatial  distribution  of  excess  free  carriers  is: 

I  „  exp  (  -a  x  > 

mO  r  n> 
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The  modulated  transmitted  probe  beam  intensity  is  then: 

Atr(tl  -j  ”Aap(x.tl< 

T~=e  “ 


(3) 


(4) 


where  the  change  in  absorption  is  related  to  the  change  in  free  carriers  as  in  eq  (1).  In  the  homogeneous  case,  the  result  is  a 
single  exponential  transient,  as  shown  in  Figure  3.  For  the  layered  structure  of  Figures  1  and  3,  the  integrated  free  carrier 
concentration  along  the  thickness  of  the  sample  is  more  dynamic  {2}, 


p  lo  p =  p„t.zme«pl  -I'Tjji  +  pjjttlexpl -tt-ti)l/'rBl  ^ 


and 
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whereTD  and 'll  are  the  carrier  lifetimes  in  the  DFZ  and  bulk,  respectively  and  t.  is  the  time  for  the  carriers  to  diffuse  from 
the  surface  to  the  bulk.  On  average,  this  time  is  'dated  to  the  width  of  the  DFZ  by: 


For  the  high  injection  levels  used  here  (Im„-s3-5  uJ),  the  carrier  lifetimes  are  given  by: 


(7) 


(8) 


as  in  the  Shockley-Read-Hall  (SRH)  theory  [6].  The  effect  of  the  gradient  in  carrier  lifetimes  at  the  boundary  between  the  DFZ 
and  bulk  region  prevents  the  straight  forward  application  of  the  erf(x)  in  the  solution  of  eqs.  (6)  and  (7).  In  fact  no  closed- 
form  solution  is  possible  for  this  problem  and  numerical  simulations  must  be  used  to  completely  evaluate  experimental  results. 
This  work  is  presently  being  persued.  However,  some  simple  analysis  is  possible  without  analytical  expressions  for  the  free 
carrier  dynamics.  Using  the  time  of  flight  concept,  implicit  in  eq  (5),  it  is  possible  to  evaluate  the  width  of  the  DFZ  as  well 
as  to  measure  the  effective  carrier  lifetimes  within  the  DFZ  and  the  bulk. 

The  analysis  consists  of  evaluating  the  second  natural  log,  (ln(ln(x)),  of  the  measured  modulated  probe  intensity  which  is 
described  by  eq.  (4).  The  result  is  a  measure  of  the  temporal  evolution  of  the  integrated  carrier  concentration,  on  a 
logarithmic  basis  (ICCLB).  An  example  is  shown  in  Figure  5.  The  slope  of  this  curve  yields  the  effective  carrier  lifetimes  as 
a  function  of  time.  This  result  can  be  converted  to  a  depth  profile  of  the  lifetime  if  the  carrier  dynamics  are  adequately  known 
in  order  to  deconvolute  the  two  factors  in  eq.  (5).  During  the  earliest  portion  of  the  transient,  carrier  dynamics  are  governed 
mainly  by  the  properties  of  the  DFZ,  to  which  they  are  confined.  The  integrated  carrier  density  changes  little  in  this  region, 
since  the  lifetime  in  the  DFZ  is  much  larger  than  the  transit  time  for  the  carriers  to  reach  the  bulk.  At  latter  limes,  l  he 
transient  is  governed  increasingly  by  the  properties  of  the  bulk  region.  For  long  times,  the  slope  of  the  ICCLB  is  a  constant 
and  yields  the  effective  bulk  lifetime.  Though  not  done  here,  this  lifetime  must  be  corrected  for  the  effect  the  DFZ  in  order  to 
obtain  the  true  bulk  lifetime.  The  intercept  of  this  line  with  the  lime  axis  yields  the  diffusion  time  of  eqs.  (5)  and  (7). 

Even  a  brief  description  of  the  kinetics  of  oxygen  precipitation  in  silicon  is  beyond  the  scope  of  this  paper.  The  reader 
is  referred  to  the  wealth  of  information  in  the  literature  {3}.  It  will  suffice  to  note  that  the  width  of  the  precipitate  free 
zone  can  be  adequately  predicted  on  the  basis  of  classical  diffusion,  nucleation  and  diffusion  limited  precipitation  theories 
and  is  approximately  given  by  [7j: 

x  «2Vl>  T  — !)  (9) 

t  t>»  l>  I  Q  _  C  / 


{2}  Of  course  this  reasoning  can  be  extended  for  any  number  of  layers  to  describe  an  arbitrary  lifetime  profile. 
{3}  For  example  see,  Mat.  Res.  Soc.  Symp.  Proc.  26(1984),  46(1985),  59  (1986). 
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SAMPLES 

Silicon  wafers,  p-type  (100)  125mm  dia.,  from  the  seed  section  of  a  CZ  crystal  were  used  to  evaluate  the  technique. 

The  samples  were  etched  and  polished  on  both  sides  to  an  optically  brilliant  finish  and  had  initial  oxygen 
concentrations  of  33  +/-  .5  ppma,  according  to  the  1978  ASTM  standard  [8]  (for  historical  reasons),  as  measured  with  a  Digilab 
FTIR.  The  samples  were  denuded  at  1200  C  for  4-20  hrs.  and  were  then  further  processed  so  as  to  cause  precipitation  in  the 
wafers  bulk.  Final  processing  was  performed  in  an  oxidizing  ambient  so  as  to  passivate  the  wafer’s  surface.  MOS  capacitor 
measurements  of  the  surface  recombination  velocity  indicate  a  maximum  value  of  .1  cm/s. 

RESULTS  and  DISCUSSION 


In  Figure  6,  the  DFZ  width  as  measured  with  this  technique  is  compared  with  the  results  for  the  bevel  and  etch  method 
(PFZ)  and  those  of  theory  (DZ)  (  eq.  9).  As  can  be  seen,  excellent  agreement  between  the  infrared  method  and  theory  exist. 
The  results  for  the  bevel  and  etch  method  are  slightly  higher,  in  agreement  with  previous  results  [7],  and  probably  due  to  the 
sensitivity  limit  of  100  A  diameter  defects  [9](the  critical  radius  of  oxygen  precipitates  in  this  case  is  about  6-10  A  [7]). 

The  error  in  determining  the  PFZ  width  with  the  bevel  and  etch  method  is  high  and  the  results  are  often  subjective. 

The  measured  effective  bulk  lifetimes  are  shown  in  Figure  7,  plotted  reciprocally  vs.  the  corrected  oxygen  precipitation, 


which  is  related  to  the  measured  precipited  oxygen  by: 


S  in,  I  lcorn=  A  |ft  I  f - - - ) 


(10) 


in  order  to  yield  a  measure  of  the  bulk  precipitate  density.  The  apparent  linear  relationship  between  the  reciprocal  lifetime 
and  the  bulk  precipitate  density  is  in  agreement  with  SRH  theory  for  recombination  statistics  [2],  where: 


<* 


(11) 


This  non-destructive  technique  therefore  allows  the  characterization  of  the  salient  features  of  the  layered  structure 
formed  during  internal  gettering  processes.  It  can  be  extended  to  the  analysis  of  other  structures  with  layers  of  different 
lifetimes,  ie.  epitaxial  systems  or  power  device  substrates.  The  practical  (  1  um)  limiting  factors  in  the  determination  of  the 
DFZ  width  is  the  modulating  pulse  width  and  the  measurement  sampling  rate.  This  technique  may  also  be  applicable  for  on-line 
monitoring  of  substrate  properties  during  device  processing. 
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Figure  1 

Schematic  representation  of  an  internally  gettered  CZ  Si  wafer. 
Transmission  measurements  are  made  through  the  thickness  of  the  wafer. 
Excess  carriers  are  generated  near  the  wafer’s  surface. 
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Figure  2 


Experimental  arrangement  of  pump-probe  system  to 
measure  free  carrier  dynamics  in  semiconductors. 
The  dimensions  of  the  optical  set  are  2m  by  lm. 
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Figure  4 

Modulated  infrared  transmission  measurement  for  a 
denuded  and  precipitated  silicon  wafer.  The 
duration  of  the  denuding  process  was  12  hrs  at  1200  C. 


Modulated  IR  Transmission  Measurements 


Figure  3 

Modulated  infrared  transmission  measurement  for  a 
homogeneous  silicon  wafer  (ie.  a  wafer  without  a 
significant  lifetime  gradient  along  its  thickness) 

INTEGRATED  EXCESS  FREE  CARRIER  DENSITY 


COMPARISON  OF  IR  ANO  B+E  RESULTS 
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Figure  6 

Comparison  of  results  for  the  measurement  of  the  width 
of  the  Defect  Free  (DFZ),  Denuded  (DZ)  and  Precipitate 
Free  (PFZ)  Zones  as  determined  by  the  present  IR  technique, 
precipitation  theory,  and  the  standard  bevel  and  etch 
method  as  a  function  of  the  square  root  of  the  denuding 
time.  Excellent  agreement  amongst  the  results  is  seen. 

The  soiid  lines  are  best  Tits  to  the  data. 


Figure  5 

The  temporal  evolution  of  the  integrated  excess  free 
carrier  concentration  as  determined  from  the  results 
of  modulated  IR  measurements.  This  sample  was 
denuded  for  32  hrs  at  1200  C. 

Effective  Bulk  Carrier  Lifetimes 
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Figure  7 

Reciprica!  of  the  measured  free  carrier  lifetimes  in 
the  bulk  vs.  the  corrected  oxygen  precipitation  as 
measured  by  FTIR  and  corrected  as  described  in  the  text. 
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A  MICROWAVE  METHOD  FOR  CONTACTLESS  MEASUREMENT  OF  THE  LIFETIME  OF  FREE 
CARRIERS  IN  SILICON  WAFERS 
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Delft  University  of  Technology,  Department  of  Electrical  Engineering , 
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Abstract  -  Following  an  optical  excitation  of  the  free  carriers  in  silicon  wafers,  their  lifetimes  are 
determined  by  measuring  the  reflected-microwave  power.  The  relations  of  the  lifetime  with  the  light 
intensity  of  the  optical  source  and  with  the  parameters  concerning  the  deep  recombination  centers  in 
the  bulk  and  at  the  surface  of  the  wafer  are  discussed. 


1  -  INTRODUCTION 

To  improve  process  control  in  modern  IC  plants,  the  ability  to  test  and  measure  the  important  parameters  of 
silicon  wafers,  both  prior  to  and  during  processing,  is  highly  desirable.  The  usual  methods  necessitate  the 
formation  of  ohmic  contacts  and  special  test  structures,  which  may  not  only  change  the  parameters  to  be  tested 
but  may  also  cause  damage,  add  contamination  and  make  the  interpretation  of  the  results  very  difficult.  This 
paper  presents  a  convenient  contactless  method,  which  is  capable  of  measuring  the  free  carrier’s  lifetime  in 
wafers.  The  theory  is  also  addressed.  The  many  advantages  of  the  method  include  the  freedom  from  damage 
caused  by  a  probe  and  the  avoidance  of  contamination  as  well  as  in  situ  and  fast  measurement.  In  addition,  the 
sample  needs  no  preparation,  contact  resistance-effects  are  eliminated  and  the  measurement  can  be  carried  out 
readily  after  each  processing  step.  The  method  is  an  improved  version  of  that  introduced  by  Ogita  /I/  which  is 
based  on  the  measurement  of  reflected-microwave  power  from  the  wafer  as  a  function  of  time  after  a  pulsed- 
optical  excitation.  The  change  of  reflected-microwave  power  is  proportional  to  the  excess  concentration,  if  it 
does  not  exceed  3%  of  the  majority  concentration  /2/.  The  lifetime  of  free  carriers  can  be  obtained  by 
determining  the  reciprocal  value  of  the  slope  of  the  logarithm  of  the  signal,  which  is  proportional  to  the 
reflected  power.  This  measurement  method  can  be  also  used  for  other  semiconductor  wafers. 

2  -  THE  MEASUREMENT  SYSTEM 

The  measurement  system,  which  is  used  for  the  measurement  of  lifetime  of  the  free  carriers,  has  the  functional 
diagram  shown  in  Fig.  I. 


Fig.  I.  The  functional  diagram  of  the  measurement  system 

The  microwave  generator  (1)  generates  microwaves  with  a  power  of  80  mW  and  a  constant  frequency  of 
2.8  GHz.  The  microwave  power  is  directed  via  a  waveguide  to  an  attenuator  (2)  in  order  to  adjust  the  emitting 
power  level.  The  microwave  power  is  then  directed  to  a  splitter  (3),  which  divides  the  power  into  two  equal 
parts.  The  first  part  is  directed  to  an  antenna  (6)  in  order  to  irradiate  the  wafer  (7)  by  the  means  of  a 
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circulator  (4)  and  a  stub  tuner  (5).  The  stub  tuner  is  used  to  match  the  impedance  of  the  antenna  and  the 
wafer  to  the  system.  The  reflected  power  from  the  sample  is  directed  via  the  circulator  to  a  combiner  (10), 
through  which  this  power  is  added  to  half  of  the  original  power.  Dy  adjusting  the  phase  shifter  (8)  and 
attenuator  (9)  it  is  possible  to  eliminate  the  offset  partially.  The  resulting  power  is  then  directed  to  an 
attenuator  (11),  a  microwave  power  amplifier  (12)  and  a  microwave  detector,  which  provides  a  voltage 
proportional  to  the  microwave  power.  The  output  voltage  can  be  visualized  by  a  digital  oscilloscope  (14)  and  can 
be  plotted  by  a  plotter  (15).  The  pulse  generator  (16)  drives  the  optical  source,  which  is  a  LED  (17),  with  a 
wavelength  of  875  urn.  An  analogue-electronic  circuit  is  also  added  to  the  measurement  system,  which  provides 
the  logarithm  of  the  output  signal. 


The  reflection  coefficient  of  microwave  power  with  a  constant  frequency,  from  a  semiconductor  sample,  is 
dependent  on  the  conductivity  of  the  semiconductor,  a  /2/.  The  change  in  the  reflectcd-microwave  power  is  a 
consequence  of  presence  of  excess-free  carriers.  In  other  words  the  change  in  the  conductivity,  (i.e.  a  small 
change  in  the  frce-carrier  concentration)  for  small  perturbations,  almost  3%,  can  be  approximated  by  Eq.  1, 

APr«K0  -  [dR(<r)/do]Ao(t)Pin  (I) 

where  Pref  is  the  reflected-microwave  power  from  the  wafer,  Pin  is  the  source- microwave  power,  R(o)  is  the 
reflection  coefficient  and  Ao  is  the  change  in  the  conductivity,  which  is  given  by  Eq.  2, 

M<)  =  (/rn+/ip)qAn(t)  (2) 

where  pn  and  pp  are  the  mobilities  of  the  electrons  and  holes  respectively,  q  is  the  elementary  charge  and 
An(t)  is  the  excess  concentration  of  the  free  carriers  generated  by  the  light  pulse.  From  Eq.  1  and  Eq.  2  it 
follows, 

APref(t)  =  *An(t)  (3) 

where  ♦  is  a  value  which  remains  constant  during  the  measurement  and  is  given  by  Eq.  4, 

*  =  [dR(o)/do)(nn+pp)qPln  (4) 

The  effective  lifetime  can  be  obtained  by  calculating  the  reciprocal  value  of  the  slope  of  the  logarithm  of  the 
excess-carrier  concentration  as  a  function  of  time  as  is  given  in  Eq.  5, 

r.„  -  -dt/dln(An(0]  (5) 


The  decay  process  is  theoretically  modelled  by  using  the  Shockley,  Read  and  Hall  model  in  its  general  form. 
Information  about  these  recombination  centers  can  be  obtained  by  matching  a  measured  decay  process  on  the 
model.  A  general  expression  is  derived  from  this  model,  which  can  describe  the  behavior  of  lifetime  at  different 
temperatures  and  at  different  injection  levels.  The  general  form  of  the  Shockley,  Read  and  Hall  model  is  given 
in  Eq.  6, 

dAn(t)  vnvp«n«pN,(pn-ni3) 

dt  vn5nn+vn«nnicxp[(E,-Ej)/kT]+vp«pp+vp«pnjCxp((ErE,)/kT)  (6) 


p  ■  p0  +  An  (°) 

vn  and  vp  arc  the  thermal  velocities  of  electrons  and  holes,  a„  and  op  arc  the  capture  cross-sections  of 
electrons  and  holes,  Nt  is  the  trap  concentration,  n(  is  the  intrinsic  concentration,  n„  and  p0  are  the  electron 
and  hole  concentrations,  Et  is  the  trap  energy  level  and  Ej  is  the  intrinsic  Fermi  level,  Eq.  6  can  be  rewritten 
by  substituting  Eq.  7  and  Eq.  8  as  follows, 

dAn(t)  -(AAn(t)  +  BAnJ(t)) 

dt  C  +  DAn(t)  (9) 


with; 
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A  -  v„vp<nipNk(Po+no) 

11  "  vnvpMpN> 

c  -  vn5nn0+vn«nnlcxp((lil-Ei)/kT]+vpSpp0<.vp«pnicxp|(L:.r  Et  )/k  1 1 
0  ’  vnWp 

The  effective  lifetime  can  be  determined  by  using  Eq.  5  and  Eq.  9  as  follows, 

C  +  DAn(t) 

f.tf(0  -  - 

A  +  BAn(t)  (14) 

For  low  injections,  that  is  excess  concentrations  of  less  than  0.1%  of  the  majority  concentration,  Eq.  14  can  be 
approximated  by  C/A  as  follows. 


(10) 

(ID 

(12) 

(13) 


r«rr(l°w)  = 


vninno+vn«nnie,tP[(Et-Ei)/kTl+vpipp0+vp6pnicxp[(ErEt)/kT| 

vnvpMpNt(Po+no) 


(15) 


For  high  injections,  that  is  excess  concentrations  of  more  than  1000  times  the  majority  concentration,  Eq.  14 
can  be  approximated  by  D/B  as  follows. 


%ff(high)  *> 


I  I 

- + - 

VpipN,  vn6nNt 


(16) 


Thus,  the  lifetime  changes  for  excess  concentrations  more  than  0.1%  and  less  than  1000  times  the  majority 
concentration.  For  this  reason  the  lifetime  in  a  high-ohmic  wafer  will  be  more  sensitive  to  the  light  intensity 
than  a  low-ohmic  wafer.  In  a  high-ohmic  wafer  the  majority  concentration  is  low,  therefore  it  is  easy  to 
generate  an  excess  concentration  of  more  than  0.1%  of  the  majority  concentration.  A  high-injection  level  for  a 
high-ohmic  wafer  is  low  for  a  low-ohmic  wafer. 

5  -  THE  INFLUENCE  OF  RECOMBINATION  AT  THE  SURFACE  OF  SILICON  WAFERS 

The  general-differential  equation,  which  describes  the  decay  of  the  excess  carriers  at  an  intensity  at  which  the 
lifetime  has  a  constant  value  due  to  the  bulk  recombination  and  diffusion  currents  towards  the  surfaces  is  given 
by  Eq.  17, 

dn  dJn  n 

—  ”  D -  (17) 

dt  dz1  rb 

where  D  is  the  diffusion  coefficient.  A  solution  for  this  equation  for  a  light  impulse  is  given  by  Eq.  18,  /3/ 

n(z,t)  =  cxp(-t/rb)E  [Amcxp(-am,Dt)cos(amz)+Bmcxp(-am,Dt)sin(amz))  (18) 

o 

The  average  density  over  the  whole  thickness  of  the  semiconductor  as  a  function  of  time  is  given  by  Eq.  19, 

nj(t)-l/d  J  n,(z.t)dz  -  £  n0mexp(-(l/rb+am3D)t]  (19) 

o 

The  response  to  the  other  pulse  forms  can  be  easily  obtained  by  the  convolution  of  the  pulse  form  and  this 
expression.  The  factor  exp[-(l/rb+on,D)t)  shows  up  in  all  the  expressions  and  the  term  l/rb+o..JD  can  be 
defined  as  the  total  lifetime  of  the  excess  carriers.  The  term  a„JD  is  the  contribution  of  the  surface  effects. 
The  first  term  of  the  summation  given  by  Eq.  19  is  a  good  approximation  for  the  recombination  process.  The 
boundary  conditions  due  to  the  diffusion  currents  towards  the  surfaces  and  recombination  with  a  velocity  of  S 
at  the  surfaces,  give  the  following  equation,  from  which  the  value  of  a,  can  be  determined, 

tan(o„d/2)  -  S/Da„  (20) 

The  value  of  a,  reaches  the  value  of  r/d  for  very  high  surface- recombination  velocities.  Thus  the  contribution 
of  the  surface  effects  can  be  mathematically  approximated  and  subtracted  from  the  results.  However,  it  is 
experimentally  verified  that  these  surface  effects  do  not  play  an  important  role  in  oxidized  wafers  and  can  be 
ignored. 


6  -  THE  EXPERIMENTAL  RESULTS 

The  results  of  the  measurements,  which  are  reported  in  this  section,  are  all  carried  out  with  the  measurement 
system  described  in  section  2.  In  Fig.  2  (wo  examples  arc  shown.  Fig.  2a  shows  the  result  of  the  measurement 
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on  a  low-ohmic  wafer  and  Fig.  2b  shows  the  result  of  the  same  measurement  on  a  high-ohmic  wafer.  Both 
wafers  were  oxidized  in  order  to  reduce  the  surface  recombination  to  a  very  low  level.  Both  the  original  decay 
process  and  the  logarithm  of  it,  which  is  provided  by  an  electronic  circuit,  arc  shown.  The  measurement  is 
carried  out  at  three  different  intensities,  indicated  by  low,  medium  and  high.  The  reciprocal  value  of  the  slope 
of  the  logarithm  signal  is  proportional  to  the  value  of  the  lifetime,  therefore  a  constant  slope  indicates  a 
constant  lifetime  or  an  ideal-exponential  decay  process.  It  is  clear  from  these  figures  that  the  lifetime  has  a 
constant  value  at  low  intensities  and  that  it  increases  as  the  intensity  increases.  The  change  in  the  lifetime  for 
low-ohmic  wafers  is  less  than  that  for  high-ohmic  wafers.  These  results  are  in  agreement  with  the  theoretical 
model,  which  has  been  discussed. 


is 


ii 

N 

»  u 

+ 

u 

< 

o 

o  mu  ?oo  ion  ton  soo 
Time  /ts 

Fig.  2a.  The  result  of  the  measurement  carried  out  on  an  n-type  silicon  wafer  with  a  resistivity  of  10-15  1) .cm. 
The  measured  lifetime  at  a  low  optical  source  intensity  equals  48  ps. 
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Fig.  2b.  The  result  of  the  measurement  carried  out  on  an  n-type  silicon  wafer  with  a  resistivity  of 
700-1300  n.cm.  The  measured  lifetime  at  a  low  optical  source  intensity  equals  15 7  ps. 


7.  CONCLUSIONS 

It  has  been  shown  that  the  bulk  recombination  lifetime  of  an  oxidized  silicon  wafer  can  be  easily  measured,  by 
using  a  low  intensity.  At  higher  intensities,  the  bulk  lifetime  changes  from  the  value  belonging  to  high  injection 
levels  to  the  normal  bulk  value. 
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RESUME  :  L'analyse  sans  contact  au  MEB  des  circuits  integr£s  par  contraste  de  potentiel  est 
non  destructive.  De  plus,  cette  m£thode  permet  par  couplage  capacitif  devaluation  du 
potentiel  de  pistes  enfouies  sous  une  couche  isolante. 

Pour  augmenter  la  precision  des  mesures  par  cette  technique,  une  simulation  numdrique  en 
deux  dimensions  est  utilis^e.  Nous  avons  en  particulier  etudie  I'influence  du  potentiel  des 
pistes  voisines  et  de  la  grille  d'extraction,  ainsi  que  le  role  du  posit ionnement  du 
faisceau  sur  la  precision  des  mesures. 


ABSJRACT  :  The  Scanning  Electron  Microscope  associated  with  a  Voltage  Contrast  system  is  a 
contactless  and  non-destructive  tool  for  the  test  of  VLSI  Circuits.  Moreover,  the  potential 
of  passivated  tracks  can  be  evaluated  by  Capacitive  Coupling  Voltage  Contrast  (CCVC).  This 
paper  presents  a  numerical  simulation  applied  to  improve  the  accuracy  of  CCVC  measurements. 
Particularly,  the  role  of  the  location  of  the  beam,  and  the  influence  of  the  potential  of 
the  neighbouring  tracks  and  of  the  extraction  grid  is  studied. 


1  -  INTRODUCTION 

The  increasing  density  of  Integrated  Circuits  makes  more  and  more  necessary  the 
development  of  new  testing  techniques  for  failure  analysis  and  design  validation.  They  must 
bring  informations  related  to  the  internal  behaviour  of  circuits  and  avoid  contact  problems 
or  risks  of  mechanical  destruction.  The  Electron  Beam  Voltage  Contrast  in  the  Scanning 
Electron  Microscope  (SEM)  provides  these  features  as  it  is  contactless  and  non-destructive. 
Moreover,  the  use  of  the  Capacitive  Coupling  Voltage  Contrast  (CCVC)  /I/  makes  possible  the 
measurement  of  the  potential  of  tracks  buried  in  insulating  layers.  Because  of  the 

multiplication  of  metallisation  levels  and  because  of  the  circuits  sensitivity  to  a  chemical 
depassivation,  this  appears  of  increasing  interest.  However,  experimental  tests  show  that 
some  difficulties  have  to  be  overcome  in  order  to  improve  the  accuracy  of  quantitative 
measurements.  The  two  main  problems  are  the  oxide  charging  under  electron  irradiation  and 
the  voltage  spreading. 

Oxide  charging  mechanisms  have  been  detailed  elsewhere  121.  The  purpose  of  this 
work  is  to  provide  a  better  understanding  of  the  voltage  spreading  phenomenon,  with  the  aid 
of  2-D  numerical  simulations. 

2  -  Ibl_NL>M§8ICAL_APPR0ACH 

The  voltage  spreading  has  not  to  be  mistaken  for  "Local  Field  Effects".  Following 

Kohler  III,  we  think  that  the  definition,  as  well  as  the  effects  of  the  voltage  spreading 

are  different.  In  the  "image  mode”  (when  the  beam  scans  the  IC  surface),  the  voltage 

spreading  creates  a  potential  contrast  between  two  metallic  tracks.  In  the  "waveform  mode" 
(when  the  beam  is  focused  on  a  specific  point),  a  signal  can  be  measured  in  the  insulator 
between  these  tracks  (see  photo  1).  Furthermore,  the  extraction  grid  located  at  6  mm  over 
the  IC  modifies  the  potential  of  the  surface. 

To  solve  this  problem,  we  use  a  two-dimensional  numerical  simulation  of  the 
potential  distribution  in  test  layouts  which  are  similar  to  existing  configurations  of  IC's 
interconnections.  The  extraction  grid  has  also  been  taken  into  account.  Figures  1  and  2 
depict  the  studied  structures.  The  differential  partial  equation  which  describes  the 
two-dimensional  potential  V(x,y)  distribution  in  the  structures  is  a  Laplace's  equation  : 
AV(x,y)  =  0.  The  potential  of  the  different  grids  and  the  continuity  of  the  electric 
induction  at  the  oxide-vacuum  interface  represent  the  boundary  conditions.  A 
finite-difference  technique  has  been  used.  Hence  the  structure  is  divided  up  into  a  number 
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of  discrete  meshes.  Along  the  horizontal  axis,  the  spatial  discretisation  fits  the  diameter 
of  the  electron-beam.  The  calculation  is  iterative,  and  is  stopped  as  soon  as  a  desired 
precision  is  obtained.  Typical  results  of  these  simulations  are  depicted  in  figures  1  and  2. 


Fig._1  :  2-grid  layout  simulating  the 
configuration  of  a  circuit  under  test 
D0.2V,O0.5V,AlV,  X  2V,  V  3V,0  4V 
Extraction  grid  potential  Ve=0V 


£ig._2  :  Typical  dimensions  and  equi- 
potential  lines  of  a  3-grid  layout 
D  1.5  V,  +■  2  V,0  2.5  V,A4  V 
Extraction  grid  potential  Ve=600V 


From  the  potential  maps,  the  interface  potential  can  be  deduced.  In  the  absence  of 
any  buried  conductor  (see  fig.  1)  there  is  a  non-zero  interface  potential  between  the  two 
superficial  tracks.  This  potential  can  be  computed  and  experimentally  measured  by  the 
contrast  potential  technique. 

Figure  3  shows  a  fair  agreement  between  the  calculated  and  the  measured  values. 
The  slight  discrepancies  which  can  be  noticed  stem  from  the  noise  superimposed  to  the 
experimental  data. 


Photo_1  :  Experimental  evidence  of  the  £ig._3  •  Surface  potential  variations  for 

voltage  spreading  in  the  "image  mode"  VI  =  0  V,  V 2  varying  from  0  to  5  V 

&:computed  values 

X  :  2  MHz  •  600KHz  :  experimental  values 
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When  the  potential  of  a  buried  track  is  measured  with  the  aid  of  the  CCVC 
technique  (see  fig.  2)  the  non-zero  potential  created  at  the  interface  by  the  neighbouring 
tracks  modifies  the  surface  potential,  which  causes  measurement  errors.  Both  the  CCVC 
experimental  data  and  the  numerical  simulations  give  an  information  on  the  interface 
potential,  as  a  function  of  the  buried,  the  superficial,  and  the  extraction  grids 
potentials.  But  the  capacitive  coupling  between  the  buried  track  and  the  virtual  electrode 
created  by  the  electron  beam  has  not  been  taken  into  account  for  the  potential  calculation. 
However,  it  will  be  shown  that  this  numerical  approach  can  still  be  used  to  improve  the 
measurements. 

3  -  ANALYSIS_0£_JHe_RESyLIS_-_APPLICATigN_ig_THE_EXPERIMENTAL_PROCEDyRE 

This  approach  has  been  applied  to  the  structure  presented  on  figure  2,  in  order  to 
evaluate  the  influence  of  VI,  and  of  the  extraction  grid  polarisation  Ve  on  the  interface 
potential  Vs  on  the  top  of  the  buried  electrode.  The  calculated  values  of  Vs  depend  linearly 
on  VI  (see  fig  4).  To  perfom  a  measurement,  the  beam  must  be  positionned  at  the  desired 
point,  but  the  beam  shifts  during  a  measurement.  These  faults  in  the  beam  location  create 
measurement  errors  as  shown  by  the  calculations. 

Figure  4  presents  the  variations  of  Vs  as  a  function  of  VI  for  3  different  points 
over  the  buried  track  M2.  The  values,  as  well  as  the  slopes  are  different  from  one  point  to 
another.  Potential  measurements  by  the  CCVC  technique  give  only  access  to  potential 
variations  :  it  is  possible  to  detect  AVS  as  a  function  of  AVI.  Different  slopes  in  the 
straight  lines  mean  different  AVS/  AVI.  Hence  the  positionning  of  the  beam  must  be  as 
precise  as  possible  when  the  error  due  to  a  AVI  on  the  measured  value  has  to  be  calculated. 
The  beam  shift  during  a  measurement  also  introduces  errors,  which  can  then  be  corrected  with 
the  help  of  the  numerical  solution. 


Figi_4  :  Computed  values  of  Fig._5  :  Computed  values  of  £lSi_6  :  Computed  values  of 
Vs  vs. VI  (see  fig. 2)  at  the  Vs  vs.  VI  for  different  values  Vs  ys.  V2  and  V 3  (buried  at 
the  points  A,B,C  of  Ve  tracks)  for  two  values  of 

VI 
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In  order  to  get  a  good  voltage  resolution,  Ve  has  to  be  adjusted  before  every 
measurement  by  plotting  the  secondary  emitted  current  ys,  the  potential  of  the  filter  grid 
("S-Curve”).  The  calculations  show  that  the  setting  of  Ve  to  different  values  does  not 
modify  the  slope  of  the  plot  (see  fig. 5).  Hence,  the  choice  of  Ve  does  not  act  on  the 
measured  potential  variations.  However,  the  problem  of  the  oxide  charging  by  the  extraction 
grid  /4/  has  not  been  taken  into  account  in  the  numerical  simulation. 

Figure  6  gives  the  variations  of  the  surface  potential  as  a  function  of  the 
potential  as  a  function  of  the  buried  tracks,  for  the  two  extremal  values  of  VI  (0-5  V).  The 
constant  value  of  the  slopes  of  the  two  curves  proves  that  the  variations  of  the  potential 
of  the  buried  tracks,  have  no  influence  on  the  potential  surface  variations,  created  by  the 
neighbouring  tracks  potential  VI. 

In  fact,  the  numerical  solution  cannot  give  access  to  the  potential  actually 
measured,  because  of  the  capacitive  coupling  existing,  between  the  buried  track  and  the 
virtual  electrode  created  at  the  interface  by  the  electron  beam,  which  could  not  be 
simulated.  But  the  results  shown  on  fig. 6  prove  that  the  influence  of  neighbouring  and 
measured  tracks  are  uncoupled.  That  is  to  say  that  the  numerical  solution  can  be  used  to 
determine  the  influence  of  the  neighbouring  potential  on  the  measured  value,  and  hence  to 
yield  the  actual  potential  of  the  buried  track. 

4  -  CONCLUSION 

A  2-D  numercial  potential  simulation  has  been  presented.  Its  application  to 
improve  the  accuracy  of  electron  beam  testing  of  passivated  IC's  has  been  studied.  We  show 
that  the  position  and  the  shift  of  the  electron  beam  can  widely  create  measurement  errors, 
and  that  the  potential  of  the  extraction  grid  has  no  influence  on  the  potential  variation 
which  can  be  measured  by  the  CCVC  technique.  Though  this  model  does  not  simulate  the 
specific  CCVC  effect,  the  numerical  results  suggest  that  it  can  be  used  to  correct  the 
measured  value  and  contribute  to  determine  the  actual  potential  of  a  buried  track. 
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ABSTRACT  -  It  is  usually  assumed  that  the  1/f  noise  in  Si-MOSFETs  is  limited  by 
collision  1/f  noise.  We  found  this  to  be  the  case  for  devices  with  relatively  short  channel 
lengths  (LclOpm)  but  for  channels  of  intermediate  length  ( 1 Opm<L<  1 94pm)  we  found  that 
the  Hooge  parameter  varies  as  L2.  We  attributed  this  to  acceleration  of  the  electrons  by  the 
applied  field,  accompanied  by  Bremsstrahlung  emission  and  current  1/f  noise  generation. 
This  is  a  new  noise  source. 


INTRODUCTION 

In  short  low  noise  Si-MOSFETs  the  magnitude  of  the  1/f  noise  is  set  by  collisions  processes  /l/. 
Each  collision  process  (normal,  Umklapp,  intervalley,  etc.)  has  its  own  characteristic  value  of  the 
Hooge  parameter  och  and  can  be  identified  by  it.  The  contributions  of  the  various  collisions  must 
be  added  quadratically. 

In  long  devices  (L>10  pm)  a  new  1/f  noise  source  has  been  identified  in  which  the  Hooge 
parameter  varies  as  the  square  of  the  device  length  121,  /3/.  It  is  attributed  to  acceleration  of  the 
electrons  by  the  applied  electric  field,  accompanied  by  Bremsstrahlung  emission  and  current  1/f 
noise  generation.  Since  the  process  is  in  operation  as  long  as  the  electron  is  travelling  from  source 
to  drain,  the  contribution  must  be  added  linearly.  This  leads  to  an  L2-  dependence;  it  represents  a 
new  noise  source. 


ACCELERATION  1/f  NOISE 

The  general  expression  for  the  Bremsstrahlung  power  emitted  by  a  single  electron  (c.g.s.  units)  is 


P(t)  =  ^% 
3  c3 


a(t)  for  0<t<T 


0) 


where  x  is  the  duration  of  a  single  radiation  pulse  and  a(t)  is  the  acceleration  of  the  electron.  We 
can  obtain  a  linear  pulse  by  writing: 


VPCO  = 


1/2 


3  c3 


a(t) 


(2) 
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and  now  we  make  a  Fourier  transform 


jjm  exp(-jox)  dt  =  — F(jco) 

n 


where 


F(jco)  =  j  a(t)  dt  =  F(0)  S11>^2)-  exp  (  jcotA)  (4) 

o 

For  frequencies  (0  much  smaller  than  the  reciprocal  of  x  ,  F(jco)  =  F(0).  Applying  Carson  s 
theorem  we  find  for  the  energy  spectrum  of  the  Bremsstrahlung 


S^_(f)  =  2  F^O)  X  in  erg  (5) 

where  X  is  the  number  of  power  pulses  per  second.  Dividing  by  the  quantum  energy  hf  we  can 
obtain  the  number  spectrum  of  the  photons  and  furthermore  dividing  by  the  duration  of  the  pulse  x 
we  have  the  spectum  Sq(f)  of  the  rate  of  the  photon  emission. 

Hence 

<6) 

with  an  1/f  type  spectrum.  We  now  define  the  Hooge  parameter  from  the  Hooge  equation  by 
writing: 

c  V  Ne  =  %!l  (7) 

w "  fN  fN  x  fT 

where  N=Ix  /e  and  x  the  transit  time.  Since  X=N/x  we  can  write  equation  (6)  as: 
sm!,4«i£(0>N  ^ 


so  that : 


1  3c3  hft2  2  f  t2 

8  e2  2  re  F2(0)  __  4  ao  F2(0) 


“h  3  h  c 


a  _  2tc  e2  _  1  (the  fine  structure  constant) 

0  he  137 

We  now  descriminate  between  two  processes: 

a)  noise  produced  by  different  scattering  events.  Here  m*  a(t)  =  ft  dk/dt  for  a  single  collision 
process  and: 

fU-Juf 

F2(0)  =  I  Ja(t)dt  l  2-?  J  (9) 


where  A(hk)  is  the  change  in  momentum  during  an  individual  collision  process  and  so: 

_;H  [a  ftk)] 

^*3*  m*  c2 

b)  acceleration  type  of  noise.  We  consider  a  FET  operating  in  the  linear  regime  (Vd«Vds).  Then 
the  electric  field  is  constant  and  the  acceleration  a(t)  =  eE/m*  is  constant  too.  Hence: 

F(0)  ,  f  dt  =  gf  T 

J  m*  m*  m*  ex0 

where  to  is  the  intercollision  time. 

Since  p.=exo/m*,  m*p/eto=l 

r?/A\  _  x  pF  _  x  ..  _  x  L  L 

F(U)  -  — - t"  Ud~  T~  T  T" 

0  xo  o  x  xo 

where  L  is  the  effective  channel  length  of  the  device. 

Furthermore  for  semiconductors  with  a  single  effective  mass  x0=m*p/e  where  Xo  is  the  time 
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constant  of  the  collision  process  (intercollision  time).  For  p-channel  Si  MOSFETs  there  are  three 
different  effective  masses  ml  *, m2*, m3*,  a  more  complicated  expression  for  the  time  constant 
might  be: 


g(-tj) 

x. 

I 


where  g(xi)  is  the  probability  that  the  hole  has  the  mass  mi*. 
We  thus  have  for  the  Hooge  parameter: 


^  3rc  lcV 


(10) 


The  dimension  of  L/to  is  velocity  and  increases  indefmetely  with  increasing  L.  At  first  it  was 
thought  that  Av  could  not  become  larger  than  c  so  that  ctH  might  reach  Handel's  limit  2aa /n  by 
relativistic  saturation.  But  as  it  is  pointed  out  L/to  is  not  a  true  velocity. 

The  above  effect  remains  correct  even  for  non  linear  operation.  To  show  that  we  split  the  length  L 
into  sections  Ax,  having  a  length  comparable  to  the  free  path  length  of  the  carriers  and  then  : 


au  = 


i^o 

3  it 


(L< 

v  c 


where  <  >  denotes  averaging. 


x„(E) 


>r 


(id 


EXPERIMENTAL  EVIDENCE  FOR  THE  ACCELERATION  NOISE 

In  Figure  1  the  variation  of  the  Hooge  parameter  with  the  effective  channel  length  of  p-type 
MOSFETs  made  on  the  same  chip  is  shown.  The  an  varies  as  L2  for  intermediate  channel  lengths. 
The  saturation  of  the  curve  is  observed  as  we  approach  the  smaller  channel  lengths  (~  2pm).  There 
the  collision  generated  1/f  noise  dominates  and  no  channel  length  dependence  is  expected  for  the 
Hooge  parameter.  Furthermore  for  long  channel  lengths  no  saturation  (relativistic)  effects  are 
detected  and  so  no  indication  exists  for  the  approach  of  Handel's  limit  2ao/7t  even  though  the 
measured  aH  for  L=194  pm  is  approaching  this  value.  Another  question  which  may  be  raised  is 
the  exact  extraction  of  the  experimental  Hooge  parameter  /4/  from  the  measured  current  spectrum 
if  the  shape  of  the  spectrum  is  not  exact  1/f.  Even  though  the  experimental  data  presented  here  are 

coming  from  current  noise  spectrums  with  1/fY  shape  with  1  <y<  1 . 1  it  can  be  shown  that  aH  has 
always  meaning  even  if  the  noise  spectrum  is  not  exact  1/f  (  A.  van  der  Ziel  and  A.D.  van  Rheenen, 
to  be  published). 

In  Figure  2  the  experimentally  obtained  time  constant  is  plotted  as  a  function  of  the  channel 
length  and  it  is  found  to  be  constant  and  of  the  order  of  10'12  sec.  This  value  is  resonable  for  the 
intercollision  time  of  p-type  silicon  which  is  an  evidence  of  the  validity  of  the  above  approach. 
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Fig.l-  The  Hooge  parameter  as  a  function  of  the  channel  length  for  p-type  MOSFETs 


8  10-12 


10’ 

Length  (pm) 

Fig.  2-The  experimentally  obtained  effective  time  constant  for  the  p-type  MOSFETs 
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R6sume  -  Le  bruit  en  1/f  a  et£  dtudid  dans  des  resistances  silicium  type  n  dans  des 
conditions  d 'accumulation  et  de  depletion.  Les  rfisultats  sont  interpretes  en  termes 
de  phenomenes  de  volume  et  ils  sont  caracterises  par  le  param&tre  a  de  Kooge  avec  des 
valeurs  comprises  entre  10"7  et  10~5.  La  valeur  de  ct  pour  la  conduction  en  surface  en 
regime  d' accumulation  peut  etre  au  moins  un  ordre  de  grandeur  plus  grande  que  la 
valeur  pour  une  conduction  loin  de  la  surface. 


Abstract  -  The  1/f  noise  of  an  n-type  silicon  resistor  has  been  studied  under  conditions 
ranging  from  accumulation  to  depletion  at  300K.  The  experimental  results  are  interpreted 
in  terms  of  a  bulk  phenomenon  and  are  characterized  by  Hooge's  empirical  1/f  noise 
parameter  a  with  values  between  10"?  and  IQ-5.  The  a-value  for  surface  conduction  at 
strong  accumulation  can  be  at  least  one  order  of  magnitude  larger  than  the  value  for 
bulk  conduction. 


1  -  INTRODUCTION 

There  is  a  broad  experimental  evidence  for  the  bulk  origin  of  1/f  noise  in  metals  and 
semiconductors  /I / .  The  experimental  results  are  then  described  by  Hooge's  empirical  relation 
Sv/V2  =  a/fN,  where  a  is  the  1/f  noise  paraneter  and  N  is  the  total  number  of  carriers  in  the 
homogeneous  sample  subjected  to  homogeneous  fields.  As  some  experimental  results  point  to  a 
strong  surface  influence  on  1/f  noise,  the  controversy  over  the  bulk  or  surface  origin  of  1/f 
noise  has  a  long  history. 

Invoking  the  role  of  the  interface  became  very  popular  in  describing  the  1/f  noise  inMOSTs. 
Experimental  evidence  has  been  put  forward  in  favour  of  the  Me  Whorter  model  11-51 .  The 
proportionality  between  1/f  noise  and  oxide-trep  density  inMOSTs  was  clearly  taken  as 
illustrating  the  interface  or  surface  origin  of  1/f  noise  151 .  Vandamme  /6/  proposed  a  bulk 
model  to  explain  the  1/f  noise  in  MOSTs  based  on  mobility  fluctuations.  However,  some  MOSTs 
are  straightforward  to  interpret  in  terms  of  number  fluctuations  151 . 


Recent  experiments  indicate  that  a-values  are  associated  with  the  number  of  crystal  defects 
in  the  bulk  /7/.  Here  we  investigate  the  spatial  distribution  of  the  1/f  noise  source  regarding 
the  influence  of  a  gate  voltage  on  the  1/f  noise  of  an  n-type  resistor  surrounded  by  a  p-well. 
By  depleting  the  Si  -  Si  O2  interface  region  with  a  negative  gate  voltage  the  bulk  1/f  noise 
source  is  observed  and  characterized  by  a b  Under  a  positive  gate  voltage  accumulation  is 
reached  and  the  1/f  noise  source  close  to  the  Si  -  Si  Oj  interface  is  characterized  by  a  , 
which  can  be  greater  than  a^,  especially  when  is  as  low  as  10"^. 


2  -  SAMPLE  DESCRIPTION 

The  samples  have  been  manufactured  by  Landis  and  Gyr  (Switzerland)  to  serve  as  vertical  Hall 

sensors.  The  geometry  is  presented  in  cross-section  view  in  Figure  1  and  the  dimensions  and 

parameters  are  summarized  in  Table  1.  The  inner  dimension  of  the  p-well  and  hence  length  and 
widths  of  the  n-type  caisson  are  i  =  150ym  and  t  =  6ym.  The  contocts  D],  D2,  D3,  Q]  and  Q2 
all  have  a  width  2xg,  =  ?ym.  The  current-carrying  contacts  are  D2  =  D3  and  61 ,  the  sensor 
contacts  are  Q]  and  Q2.  With  the  MOS  structure  on  top  of  the  caisson  between  the  contact 
regions  the  region  close  to  the  interface  can  be  brought  into  accumulation  at  Vq  >  0  or  into 
depletion  at  Vq  <  0.  The  current  I  is  passed  through  D]  and  D?,  which  is  connected  with  D3 

and  are  used  as  a  reference  electrode  in  the  sarple.  Two  and  four-probe  tests  hove  been 

carried  out  on  this  sample,  which  is  important  in  estimating  contact  contributions.  The 
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Table  1  Dimensions  and  semiconductor  parameters 


contact 

sensor 

driver 

caisson 

donor 

width 

distance 

distance 

width 

concentration 

2xt(um) 

2xq(ym) 

i 

■0 

t(van) 

n(cm  3) 

9 

36 

140 

t  =  12 

1015 

Fig.  1  -  Cross-section  of  the  device.  The  drivers  (current  carrying  contacts)  are  indicated 
by  Dj,  D.  and  D„  and  the  sensors  by  Qj  and  Qj.  The  values  of  distances  and  contact  width  are 
presented  in  Table  1 . 


so-called  2-probe  noise  test  is  obtained  by  passing  a  constant  current  between  D]  and  D2  = 
and  observing  the  voltage  fluctuations  at  the  same  contoet  pair.  The  4-probe  noise  test, 
which  enables  us  to  suppress  possible  noise  contributions  of  the  contact  interfaces  at  Dj,  D2 
and  D3  measures  the  voltage  fluctuations  across  the  sensor  contacts  Qj  and  while  the  current 
is  passed  through  Dj  and  D2  =  Dj- 


3  -  CALCULATED  Aid  OBSERVED  RESISTANCE 

The  resistance  between  the  central  contact  D]  and  the  connected  outer  electrodes  D2  =  D^ 
consists  of  two  contributions  in  parallel  :  (i)  a  bulk  resistance  always  present  (ii)  a 
surface  resistance.  At  Vg  >  0  the  surface  resistance  will  be  the  lowest  and  thus  dominant.  At 
V<3  <  0  the  current  density  close  to  the  Si  -  Si  O2  interface  can  be  neglected  and  the  bulk 
resistance  becomes  dominant.  To  calculate  the  bulk  contribution,  we  assume  hemicylindrical 
equipotentials  in  the  n-caisson  all  coaxial  with  the  middle  line  of  contact. D] .  From  the 
numerical  calculations  of  equipotentials  we  see  that  hemicylinders  are  a  good  approximation. 
The  resistance  between  two  equipotentials  with  radii  x  and  x  +  dx  becomes  dRb  =  pb  dx/n  x  t. 
Integrating  from  x  =  xj  to  x  =  xj  results  in 
xd 

Rb  =  1  (pb  /  n  x  t)  dx  =  (pb  /tt  t)  Jin  x^/x^  (1) 

*1 

The  contribution  of  a  surface  layer  with  resistivity  ps,  thickness  6  and  width  t  is  given  by 

Rs  =  ps  <*d  "  2  xJl)  '  2  *  6  (2) 

Fig.  2  shows  the  dependence  of  the  resistance  between  D]  and  D2  =  Dj  as  a  function  of  the 
gate  voltage.  The  observed  resistance  values  between  Di  and  D2  =  D3  and  between  Qj  and  Q2  are 
equal  at  Vq  >  7V  because  2xq  x<j/2.  The  calculated  value  of  Rb  with  eq.  (1)  and  the  values 
presented  In  Table  1  equals  3.6kI2.  The  experimentally  observed  value  was  3.8  kft  at  =  OV. 
This  means  that  the  influence  of  the  contacts  are  slightly  under  estimated. 


4  -  CALCULATED  Aid  OBSERVED  NOISE 


The  noise  contribution  of  the  bulk  is  calculated  by  assuming  hemicylindrical  equipotentials 
around  the  central  electrode  Dj.  Hooge's  empirical  relotion  is  applied  on  shell  resistances 
of  thickness  dx.  By  integration  of  all  contributions  between  x  and  x^  we  obtain  for  the 
two-probe  noise  a  spectral  density  in  the  resistance  of  ^ 

2 


“b  pb  ,  1 

71 - TTT  (  —7 

2u  n  t  f  x^ 


(3) 


2  2 

Considering  1/x  ,  <<  1/x  and  applying  eq. 

density  in  Rb 

SRb  _ ^ _ 


Rb2 * * S  ~  xd/xi  )2  ‘  x/  n  f 


(1)  we  find  for  the  normalized  noise  spectral 


(4) 


The  relative  spectral  density  in  the  surface  resistance  Rs  follows  from  Hooge's  expression 
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Fig.  3  -  Spectra  SyQ  between  sensors  at  :  (1)  1=0  (2)  I  =  0.41  mA  at  V-  =  0V  and  (3)  I  =  C 
(4)  I  =  0.44  mA  at  VG  =  10.8  V. 


T* 

s 


a 


s 


2  6t(xd  -  2x^)  ns  f 


(5) 


When  the  resistance  and  the  noise  are  dominated  by  the  bulk  contribution,  the  1/f  noise 
parameter  a.  can  be  calculated  from  the  experimentally  observed  f  S  /V2  value  by  using  eqs(4) 
and  (1)  with  the  elimination  of  t. 

f  S  2  x  ' 

_  ^ _ V)  _ l 

“h  (Tv* 


5,n  3(  Xd/x?  ) 


(4) 


q  ub 

The  value  of  the  1/f  noise  parameter  close  to  the  interface  a  is  calculated  from  eqs(2)  and 
(5)  and  the  experimentally  observed  f  Sv/V2  at  >0,  giving 


f  S 

=  ( - y) 

R  V* 


(Xd 


2xz)2 


qp 


(7) 


To  calculate  the  noise  SyQ  at  the  sensors  Qj,  Q2  we  use  the  general  expressions  for  4-probe 
arrangement  /8/.  Assuming  only  bulk  contributions  the  ratio  between  sensor  and  driver  noise 
S'jQ  /  S\/q  =  0.3  for  the  dimensions  presented  in  Table  1. 

At  strong  accumulation  SyQ  /  Sy^  =  4x  /x^.  With  the  values  in  Table  1  we  find  SyQ/Syp  =  1. 
Whether  or  not  it's  a  bulk  or  surfaceHcondi cion  can  be  seen  from  the  ratio  experimentally 
observed  Svq/S^. 

Fig.  3  shows  some  spectra  of  the  voltage  fluctuations  between  the  sensors  Q]  and  Q2  at  Vp^=0 
for  Vq=  0V  and  Vg=  10.8V  at  1=0  (thermal  noise)  and  I  =  0.42  mA  (1/f  noise).  When  reverse 
bias  between  p-well  and  n-type  caisson  is  applied,  the  1/f  noise  often  is  contamined  with 
generation-recombination  (G-R)  noise  with  a  characteristic  frequency  of  200  Hz.  The  observed 
ratio  SVQ/Sy^.  =  0.1  for  the  G-R  and  0.3  for  the  1/f  part  of  the  noise  spectrum  which  suggests 

that  G-R  contribution  stems  neither  from  the  bulk  nor  from  the  Si  -  Si02  interface  of  the 
resistance,  while  the  1/f  part  are  bulk  contributions.  Samples  with  G-R  noise  also  show  large 
leakage  currents  between  p-well  and  n-type  caisson  of  the  order  of  lOOpA  per  volt  reverse 
bias.  Therefore  we  suggest  that  the  g-r  component  stems  perhaps  from  the  rim  of  the  p-well 
around  the  caisson  and  the  surface  of  the  sample.  The  experimentally  observed  S\^>  and  Sy*  are 
proportional  to  l2  as  expected  when  I  <  1mA.  At  Vg  =  0,  Syg/Sy  =0.3  and  at  Vg  =  10.8V, 
SVQ/Svb  =  1  which  is  in  agreement  with  bulk  and  surface  noise  respectively. 

Concerning  the* noise  results  at  Vp^  =  0  and  Vg  >  0  we  find  :  (i)  the  thermal  noise  at  I  =  0 
is  proportional  to  Vg-Y  with  0.5  <  y  <  0.75,  (ii)  the  1/f  noise  is  proportional  to  Vg'^  with 
2  <  6  <  3.  The  value  0.5  <  y  <  1  cab  be  explained  by  NaVgond  a  reduction  in  surface  mobility 
at  increasing  Vg.  The  value  of  6  can  be  explained  by  the  empirical  relation  together  with  a 
mobility  reduction  and  N<*Vg. 


Applying  a  reverse  bias  between  p-well  and  n-type  caisson  reduces  the  effective  resistance 
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width  and  R  =  1/t.  The  1 /noise  and  hence  S^q  in  terms  of  Hooge's  empirical  relation  should 
be  Sy  a  V2/N  °=  R2/t  R3,  The  observed  proportionality  is  in  agreement  with  the  expected 
proportionality  for  bulk  1/f  noise. 

The  experimentally  obtained  1/f  noise  values  a  are  summarized  in  Fig.  2.  Most  samples  show 
a.  calculated  from  eq.  (6)  of  at  most  2.5xl0“7  for  Vq  <  0.  At  Vq  >  0,  surfoce  conduction 
becomes  dominant  due  to  accumulation  and  a  values  of  10"5  have  been  colculoted  from  experi¬ 
mentally  obtained  fSv/RV2  and  eq.(7).  The  ipatial  distribution  of  the  1/f  noise  source  does 
not  seem  to  be  uniform  over  the  whole  sample. 


5  -  DISCUSSION  AND  CONCLUSIONS 

By  applying  positive  or  negative  gate  voltages  we  have  changed  the  resistance  and  the  conduc¬ 
tion  path  from  the  surface  to  the  bulk.  The  ratio  between  the  1/f  noise  at  the  sensors  and 
the  drivers  has  changed  from  0.3  typical  for  bulk  conduction  to  the  value  1,  typical  for 
surface  conduction.  Conduction  noise  Sv  in  general  is  proportional  to  a  dft  /8/  with  J 

the  current  density  and  fi  the  sample  volume.  The  experimentally  observed  “trends  and  the 
dependence  of  Sy  on  J4  are  arguments  interpreting  the  noise  results,  by  either  eq(6)  in  terms 
of  ctjj  or  by  eq.(7)  in  terms  of  as.  The  numerical  factor  in  eqs  (7)  for  our  samples  is  4.5 
times  os  large  as  that  factor  in  eq.(6).  All  observed  ab  values  (eq.6)  at  Vq  =  0  appear  to  be_ 
of  the  order  of  10"^  with  trends  towards  a*  =  10“5(from  eH.7)  ol  Vq  »  0  and  towards  ab~2xl0~/ 
(from  eq(6))  for  Vq  <<  0.  Hence,  the  spatial  distribution  of  the  1/f  noise  source  is  not 
uniform  over  the  whole  sample.  Similar  results  to  ours  obtained  on  quite  different  scmples 
were  observed  by  Clevers  191 .  Carruthers  and  Mavor/10/  have  investigated  the  noise  dependence 
on  bias  conditions  of  burried  n-channe 1  MO S T s .  From  their  results  we  have  calculated  a-values 
of  approximately  10-^  at  >  0  and  3xl0-7  for  Vq  c  0.  For  positive  gate  voltages,  the  conduc¬ 
ting  channel  forms  such  that  it  is  close  to  or  touching  the  silicon/silicon  dioxide  interface. 

At  S/q<  0  or  VpN  <  0  the  1/f  noise  contribution  in  spectra  is  often  in  competition  with  G-R 
noise.  In  this  case  only  upper  values  of  ab  could  be  calculated  as  indicated  by  the  arrows  in 
Fig.  2.  From  the  different  ratios  Sq/Sq  for  the  G-R  and  the  1/f  part  of  the  spectrum  we 
conclude  that  both  noise  sources  stem  from  different  regions  in  the  sample,  viz  the  junction 
between  the  p-well  and  n-caisson  '-nd  the  n-caisson. 

In  view  of  the  dependence  of  a  on  the  quality  of  the  crystal  lattice  after  different  anneal 
treatments  /7/,  we  suggest,  without  invoking  a  trapping  model,  that  the  1/f  noise  source  close 
to  the  interface  can  be  higher  due  to  higher  crystal  defect  density.  Experimental  findings  on 
the  relation  between  oxidation  and  1/f  noise  can  be  understood  in  terms  of  Hooge's  empirical 
bulk  relation  for  1/f  noise.  The  1/f  noise  can  decrease  owing  to  oxidation  of  a  defect  rich 
region  with  a  high  a-value  that  is  removed  from  the  conduction  path.  The  relation  between 
surface  states  (oxide  trap  density)  and  1/f  noise  inMOSTs  /3-5/  often  found  experimentally, 
should  be  understood  in  terms  of  bulk  1/f  noise  as  due  to  mobility  f luctuations,  if  an 
increased  number  of  surface  states  goes  hand-in-hand  with  an  increased  defect  density  in  the 
region  just  below  the  SiC^.  Then  the  results  for  MOSTs  that  are  easily  explained  by  the 
Me  Whorter  model  can  also  be  explained  by  the  empirical  relation  with  different  as  values. 
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ON  THE  ORIGIN  OF  1/F  NOISE  IN  MOS  TRANSISTORS 
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Resume  -  II  est  propose  que  le  bruit  1/f  est  du  aux  etats  rapides  de 
surface  qui  causent  la  redistribution  des  transporteurs  par  diffusion. 
C’est  pour  quoi  la^ensite  du  transporteur  est  modulee.  It  est  demontre 
que  la  racine  carree  du  module  de  la  transformation  Fourier  de  la 
densite  est  inversement  proportionelle  a  la  frequence. 

Abstract  -  It  is  proposed  that  1/f  noise  is  due  to  'fast  surface  states' 
which  give  rise  to  a  redistribution  of  carriers  by  diffusion.  This 
leads  to  the  modulation  of  the  carrier  density.  The  square  of  the 
modulus  of  the  Fourier  transform  of  the  carrier  density  time  function 
is  shown  to  be  inversely  proportional  to  the  frequency. 


1  -  INTRODUCTION 

The  origin  of  1/f  noise  has  puzzled  workers  for  several  decades.  It  is  now 
generally  recognised  that  1/f  noise  is  due  to  fluctuations  in  conductance 
described  empirically  by  the  expression  /!/ 


< 


(1) 


where  C  is  a  constant  with  a  wide  range  of  values. 

The  noise  is  strongly  associated  with  fast  surface  states  /2/  and  yet 
there  is  evidence  that  it  occurs  in  the  bulk  /3/.  It  has  been  observed  in 
a  wide  range  of  materials  and  devices;  any  theory  purporting  to  explain  the 
mechanism  of  1/f  noise  must  therefore  have  its  basis  in  universal  phenomena. 

In  this  model  two  phenomena  are  envoked :  the  'fast  surface  states'  and  the 
resulting  diffusion  of  carriers  in  the  bulk.  The  'fast  surface  states’  give 
rise  to  charge  impulses  which  diffuse  into  the  bulk  and  produce  a  time 
varying  carrier  density.  In  the  mathematical  analysis  which  follows,  it  will 
be  shown  that  the  square  of  the  modulus  of  the  Fourier  transform  of  the  time 
varyinfi  component  of  the  carrier  density  is  inversely  proportional  to  the 
frequency. 


2  -  ANALYSIS 

The  analysis  is  based  on  the  continuity  equation: 
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where  J  is  the  diffusion  current  density  and  P  the  charge  density.  If  one 
considers  an  MOS  transitor  as  a  thin  strip  of  n-type  silicon  having  one 
main  face  (outside)  with  an  even  distribution  of  'fast  surface  states'  and 
if  J  is  the  diffusion  current  density  in  the  x-directibn  perpendicular  to 
the  main  faces,  the  carrier  density,  n,  is  given  by: 


d n  =  n  d2 n  ( ^  ^ 

at  °n  3x2  . {J) 

The  solution  n  =  n  (t,x)  for  a  unit  impulse  is 

n  =  7 rfety  . (4> 

The  square  of  the  modulus  of  the  Fourier  transform  of  n  (t,x)  is  given  by: 

| N (oo, x  i2  =  -  e~  u)x  . (5) 

Dn  u>  un 

For  »</<F> 

|N  (u,x)2  =  -i-  . (6) 

Dnu 

If  there  are  S  impulses  per  unit  time  of  mean  square  value  m  per  unit 
surface  area 

then  |N  0,X)|2  =  —  . (?) 

Dnu 

If  N0  is  the  total  number  of  carriers 
<(^L)2>  =  Sni—  Ac 

DnNc2“ 

=  — Af  . (8) 

DnN02f 

For  Sm  =  K  N0 

<(-i2_)2>  =  — H —  af 

0  DnN0f 

C  A  f 

=  . (9> 
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3  -  COMMENTS 

It  should  be  noted  that  the  condition  imposed  on  equation  (5)  to  obtain  the 
approximate  relation  (6)  limits  the  thickness  of  the  MOS  transistor  channel 
to  lOym  in  order  to  maintain  the  1/f  noise  law  to  high  frequencies. 

Although  this  'surface  state  diffusion'  theory  has  only  been  applied  to  MOS 
transistors,  a  more  general  approach  has  been  accepted  for  publication 
elsewhere  /3/. 

Direct  experimental  support  for  the  'surface  state  diffusion'  theory  is 
described  in  work  on  the  'generation  of  augmented  1/f  and  1/Af  noise' /4/. 

It  is  proposed  that  the  augmented  1/f  noise  is  produced  by  stimulating  the 
'surface  states'  using  an  external  stimulus. 

The  main  conclusion  is  that  this  model  is  in  accord  with  the  McWhorter-van 
der  Ziel  model  /5/  insofar  as  it  acknowledges  the  surface  states  as  the 
origin  of  1/f  noise.  It  does  not,  however,  require  an  oxide  layer  to 
produce  convenient  time  constants;  the  carrier  diffusion  mechanism  produces 
the  1/f  fluctuations  in  conductance. 
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RESUME:  La  theorie  des  fluctuations  de  la  fonction  doccupation  detats,  developpee  tres 
recemment,  et  la  notion  de  temps  de  relaxation  differentiel,  permettent  de  donner  ici 
^expression  du  coefficient  de  diffusion  transversal,  qui  est  calcule  numeriquement  dans  si-p 
en  fonction  du  champ  electrique  a  300  K  entre  0  et  50  kV/cm. 

ABSTRACT:  The  theory  of  the  fluctuations  of  the  state  occupancy  function,  recently 
developped,  together  with  the  differential  relaxation  time,  allow  getting  the  transverse 
diffusion  coefficient,  which  is  computed  in  p-type  Silicon,  as  a  function  of  the  electric  field,  at 
300  K,  from  0  to  50  kV/cm. 


1.  INTRODUCTION: 

Except  Monte  Carlo  simulations,  which  are  much  time  consuming  and  thus  very  expensive,  all 
the  device  modeling  methods  use  transport  equations,  which  require  the  knowledge  of  the  diffusion 
coefficient  D(E)  as  a  function  of  the  electric  field  E.  D(E)  is  difficult  to  obtain.  One  way  to  get  it  is  to 
study  the  diffusion  noise,  experimentally  or  theoretically.  The  purpose  of  this  paper  is  to  propose  a 
new  theoretical  method  for  determining  the  diffusion  coefficients,  based  on  the  differential 
relaxation  time  and  on  the  fluctuation  of  the  state  occupancy  function. 


2.  STATE  OCCUPANCY  FUNCTION: 

In  a  previous  paper  Ill,  we  settled  a  theory,  derived  from  a  series  of  nice  papers  from 
Gansevitch,  Gurevitch  and  Katilius,  they  gathered  in  a  review  article  (2).  In  that  paper,  we  studied 
the  fluctuations  of  the  State  Occupancy  Function  f(k,t)  of  hot  carriers  (labelled  SOF  in  the  following 
for  convenience),  f(k.t)  is  a  random  function  which  takes  the  value  1  when  the  state  k  is  occupied  by 
a  carrier,  and  the  value  0  when  the  state  k  is  empty.  The  SOF  depends  on  the  external  electric  field  E. 
but  for  convenience  we  shall  omit  E,  wherever  it  is  possible.  f(k,l)  fluctuates,  due  to  the  random 
motion  of  the  carriers,  which  undergo  scattering  events.  If  N(t)  is  the  total  number  of  carriers  inside 
the  sample  at  time  t,  one  has : 

N(t)-Jf(k.t)  (1) 

k 

The  ensemble  average  (f(k,t))  of  f(k,t)  is  then  the  distribution  function  at  time  t,  governed  by  the 
Boltzmann  equation  (labelled  BE  in  the  following).  As  t->«>,  (f(k,t))-*f$(k,E),  solution  of  the  steady 
state  BE  in  the  uniform  electric  field  E. 


3.  THE  DIFFERENTIAL  RELAXATION  TIME: 

Since  we  intend  to  study  small  fluctuations  around  the  steady  state,  we  are  interested  in  small 
deviations  of  the  distribution  function  <f(k.t))  around  its  steady  state  value  fs(k.E).  This  can  be  done 

^  Leboratoire  Associe  au  CNRS,  UA  39 1 

This  study  was  partially  supported  by  GCIS  (Groupement  Grcuits  Int6gr6s  Silicium),  France 
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using  the  differential  relaxation  time  concept,  introduced  some  years  ago  131.  defined  as  follows: 
When  a  small  perturbation  SE  is  applied,  the  new  steady  state  distribution  is  fs(k,E+8E).  When  the 
perturbation  SE  is  removed.  (f(k,t))  evolves  from  fs(k,E+5E)  to  fs(k,E).  The  differential  relaxation  time 
t(k,E)  is  then  defined  as: 


lim 


I6EI- 


fof(k.t))! 

»{  jt=o 


-  lim 


I8EI- 


fs(k,E+8E)  -  fs(k,E)> 
t(k,E)  j 


(2) 


Indeed,  as  shown  in  (31,  x(k,E)  can  be  expressed,  using  the  steady  state  BE  for  fs(k,E+5E)  and 
fs(k.E),  and  the  transient  BE  for  <f(k,t)).  One  then  finds  that  t(k,E)  depends  on  the  direction  of  the 
perturbation  SE  with  respect  to  the  electric  field  E: 


-h  SE-VEfs(k,E) 
“  "  q  SE-Vkfs(k,E) 


(3) 


When  SE  is  perpendicular  to  E,  one  gets  tj.(k,E).  In  polar  coordinates  with  the  polar  axis  along  E, 
k-(k,0)  with  k-lkl  and  0-(E,k).  ti(k,E)  is  then  easily  expressed  as  [31: 

•fik  _ 9fs(k,E)/80 _ 

Xl  '  ’  qE  (3fs(k,E)/80)cos0  +  k(9fs(k,E)/3k)sin0  4 


Within  the  above  hypothesis,  the  evolution  of  the  distribution  function  (f(k,t)),  around  its 
steady  state  value  fs(k.E).  is  governed  by  the  equation: 

3(f(k.t)>  (f(k,t))-  fs(k,E) 

9t  x(k.E)  ,5) 

As  an  example,  figure  1  showf  the  variations  of  Tj.(k.E)  versus  k-|k|.  along  three  directions 
with  respect  to  the  electric  field  E  (0-0,  0-n/2,  and  0-n).  in  undcped  p-type  Silicon  at  300  K.  E-2 
kV/cm  (fig.  la)  and  E-20  kV/cm  (fig  lb).  fs(k,E)  was  computed  numerically,  using  a  matrii  method, 
so  as  tj_(k,E)  through  eq.(4).  We  used  a  one  spherical  non  parabolic  band  model  As  can  be  seen  fig.  1 . 
tj.(k.E)  is  in  the  range  0.01  to  0.2  ps  at  20  kV/cm,  and  increases  as  the  field  strength  decreases. 


4.  FLUCTUATION  OF  THE  STATE  OCCUPANCY  FUNCTION: 

In  order  to  study  the  fluctuations  of  the  SOF,  we  apply  the  general  theory  developped  in  [  1 1,  to 
the  particular  case  studied  here,  where  the  BE  is  replaced  by  eq.  (5)  According  to  111,  one  sets. 
(f(k,t))=fs(k,E)+5f(k)exp(i<i>t).  This  expression,  carried  into  eq.  (5),  gives  for  the  first  order  terms,  5f(k) 
as  a  solution  of: 


iu  + 


1 


T(k.E) 


8f(k)  -  0 


(6) 


The  Langevin  theory  then  relies  the  fluctuation  flk.w)  to  the  white  noise  source  term  £(k)  by: 


,  1  1  A 

|  iw  +  t~k  gjj  flk.u)  -  fc(k) 


(7) 
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This  gives,  for  the  spectral  density  Sfik.k'.u)  of  the  fluctuations  of  the  SOF: 

where  Skk'-l  if  k-k‘,  and  Sfck'-O  if  k*k’.  Sj(k)  can  be  evaluated  using  the  variance  (Af2(k,t))  which 
writes  1 1  ]: 

OD 

(Af2(k,t))  =  fs(k,E)  [l-fs(k,E)l  -  J  Sffk.k.u)  dv  (9) 

Carrying  eq.(8 )  in  eq.(9)  readily  gives  S$(k),  so  that  finally,  with  Fs(k,E)  -  fs(k,E)[l-fs(k,E)]: 

Sr,kk'“’-'nJfiiisF=(kE,s«-  ,10) 


5  DIFFUSION  COEFFICIENT: 

The  spectral  density  Sjap(w)  of  the  fluctuations  of  the  current  density  writes  1211 U: 

2 

Sj<*p(co)  -  ^  SSvotlklvplk')  Sffk.k'.w)  (11) 

kk' 

where  n  is  the  volume  of  the  sample,  and  a  and  (5  mean  directions  with  respect  to  the  electric  field. 
The  local  noise  source  term  K«p(<ii)  is: 

K«p(ci))  -  fi  Sj«p((i))  -  4  q2  n  D*p(u)  (12) 

which  gives,  using  eqs.(ll)  and  (10),  replacing  summations  over  k  by  integrations  over  (k)  space, 
and  taking  into  account  the  density  of  states  l/8n3: 


DapM 


t(k,E)vft(k)vg(k) 

1  +  o)2  T2( k.E)  Fs(tE)  d  k 

J  fs(k,E)  d3k 


(13) 


Using  this  method,  we  computed  the  transverse  diffusion  coefficient  Dj.(E)  in  p-type  Silicon, 
with  doping  impurity  concentrations  Na-0  and  Na*1017  cm'3,  at  t-300  K,  as  a  function  of  the  electric 
field  intensity  E.  Then,  in  eq.(13),  v.(k)-vp(k)-vsin0cos<p,  t(k,E)-tj.(k,E)  and  Fs(k,E)*fs(k,E)  since  in 
our  case  the  semiconductor  is  non  degenerate.  D^tE)  was  also  computed  using  a  Monte  Carlo 
simulation.  The  results  are  shown  figure  2:  taking  into  account  the  statistical  dispersion  of  the  Monte 
Carlo  simulation,  the  results  are  in  excellent  agreement. 

The  result  presented  here  is  the  first  theoretical  determination  of  the  hot  carrier  diffusion 
coefficient  using  the  distribution  function,  with  non  randomizing  scatterring  mechanisms  Depending 
on  the  electric  field  strength,  it  is  10  to  50  CPU  time  less  consuming  than  the  Monte  Carlo  simulation. 
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Figure  !•  ti(k.E)  for  holes  in  undoped  Silicon,  as  a  function  of  k-lkl,  at  300  K,  along  three  directions 
0-0  (•),  e-n/2  (*).  and  0-n(«),with  respect  to  the  electric  field  E,  (a)  E-2  kV/cm,  (b)  E-20  kV/cm. 


E  (  IV/ea  ) 


Figure  2:  Transverse  diffusion  coefficient  Di(E)  of  holes,  as  a  function  of  the  electric  field  intensity  E. 
in  pure  (Na-0)  and  doped  (NA-10|7car3)  p-type  Si  at  300  K. 

Monte  Carlo  simulation:  Na-O  ( - )  and  Na-1017  cnr3( - ) 

Computed  using  eq.(  13):  Na-0  (■)  and  Na-1017  cm*M«J 
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PROPERTIES  OF  WSi2  :  OHMIC  CONTACT  TO  N*  AND  P*  Si,  BARRIER  BETWEEN  Al  AND 
Si,  AND  FEASIBILITY  AS  FIRST  METAL  IN  MULTILEVEL  METALLIZATION  PROCESSES 

S.-L.  ZHANG,  M.  HAMMAR,  T.  JOHANSSON  and  R.  BUCHTA 

Swedish  Institute  of  Microelectronics ,  PO  Box  1084,  S-164  21  Kista, 
Sweden 

Abstract:  The  electrical  and  chemical  properties  of  USi2  as  well  as  the 
silicide  formation  have  been  examined  with  respect  to  applications  in 
VLSI  Si -Techno logy. 

1.  INTRODUCTION 

Due  to  the  shrinkage  of  device  dimensions  In  modern  VLSI  technology,  a  barrier 
material  between  Si  and  Al  metallization  is  of  increasing  importance.  Such  a 
barrier  must  meet  three  important  requirements  at  all  temperatures  of 
interest:  1)  low  specific  contact  resistivity  to  Si,  2)  good  barrier 
properties  to  prevent  Si-Al  interdiffusion  and  3)  chemical  stability  with  the 
adjacent  materials  i.e.  Si  and  Al.  Several  metals  and  their  silicides  have 
been  investigated  for  this  purpose.  None  of  the  silicides  examined  in  the 
literature  possesses  all  the  desired  properties.  They  fail  either  due  to 
Al-containing  compound  formation  in  the  case  of  transition  metal  silicides  or 
due  to  Si-Al  interdiffusion  in  the  case  of  refractory  metal  silicides  at 
temperatures  around  400°C  [1],  W  and  WSi2  have  recently  been  more  concerned 
due  to  the  selective  deposition  technique  as  well  as  the  material 
characteristics,  i.e.  thermal  stability,  low  resistivity,  etc.  Although  a 
number  of  reports  on  WSi2  has  appeared  [2],  very  limited  information  is 
available  about  the  Al/WSi2/Si  system. 

SALICIDE  (Self-Aligned  siLICIDE)  technology  using  WSi2  could,  as  a  first 
sight,  be  very  attractive  since  a  selective  technique  for  W  film  deposition  is 
available.  However,  a  most  recent  study  showed  that  stress  induced  large 
dislocation  half-loops  might  be  created  along  silicide  edges  when  silicon 
substrate  is  used  to  react  with  deposited  metal  layer  to  form  silicide  [3]. 
Moreover,  for  the  purpose  of  making  a  first  level  metal  layer  using  WSi2  for 
shallow  Junction  MOS  processing,  it  would  be  unlikely  to  chemically  deposit  W 
films  directly  onto  heavily  doped  source/drain  (S/D)  Si  areas  because:  1) 
formation  of  encroachment  or  wormholes  [4]  during  W  deposition  using  WFg;  2) 
dopant  redistribution  in  S/D  Si  areas  caused  by  the  consumption  of  Si 
substrate  during  WSi2  formation  and  thermal  treatment  at  higher  temperatures 
required  for  completing  W/n+-  or  p+-Si  reactions  [5,6];  3)  a  rough  interface 
between  WSi2  layer  and  Si  substrate  resulting  from  rough  interface  between  the 
as-deposited  W  film  and  Si  substrate  caused  by  a  native  oxide  on  Si  surface 
prior  to  the  W  deposition  and  very  uneven  surface  of  LPCVD-W  films  [5,7-9], 

Therefore,  in  order  to  prepare  a  WSi2  layer  contacting  to  the  heavily  doped 
S/D  Si  areas  without  affecting  the  shallow  Junction,  a  poly-Si  buffer  layer  is 
required. 

2.  EXPERIMENTAL  AND  EVALUATION 

3-inch  <100>-oriented  Si  wafers  with  a  resistivity  of  16  to  24  Qcm  were  used 
throughout  this  study.  Diodes  and  Kelvin  structures  were  made  on  test  wafers 
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for  electrical  measurements.  Heavily  doped  n-Si  substrates  with  a  surface 
carrier  concentration  of  7.5E19  cm*3  were  made  on  boron  doped  p*-Si  wafers  by 
As-ion  Implantation  and  high  temperature  activation.  P*-Si  substrates  were 
prepared  by  BF2-ion  implantation  with  two  different  doses,  on  phosphorus  doped 
n*-Si  wafers.  After  activation,  surface  carrier  concentrations  of  1.6E19  and 
2.6E19  cm-3  were  respectively  achieved.  Undoped  poly-Si  layers  of  2500  A  were 
then  deposited  followed  by  deposition  of  1000  A  W  films.  Undoped  poly-Si  was 
chosen  to  complete  WSi2  formation  at  800*C  for  30  minutes  because  a 
substantial  delaying  in  silicide  formation  rate  was  observed  if  Si  is  heavily 
doped  (5,61. 

Reference  samples  were  prepaired  in  the  same  procedure  but  on  blanket  Si  wafers 
and  some  of  them  with  different  W  and/or  poly-Si  thicknesses. 

Leakage  current  and  specific  contact  resistance  (Rg)  were  measured  on  the  test 
wafers.  Rutherford  backscattering  spectrometry  (RBS)  and  X-ray  diffraction 
(XRD)  analyses  as  well  as  sheet  resistance  (Rg)  measurement  were  performed  on 
corresponding  structures  on  blanket  wafers. 

3.  RESULTS  AND  DISCUSSION 

1)  As  demonstrated  in  Fig. 1,  a  maximum  Rs  value  appears  around  annealing 
temperature  of  700°C,  as  a  W/Si  structure  was  heated.  For  achieving  low  sheet 
resistivity,  a  moderate  annealing  temperature  of  800°C  is  sufficient  for  WSi2 
prepared  in  this  way.  At  this  temperature,  a  resistivity  of  25  to  30  pOcm  is 
obtained. 


It  is  of  great  importance  to  be  sure  that  there  is  no  excess  poly-Si  left 
between  WS12  and  S/D  Si  areas  after  silicide  formation  so  as  to  make  a  good 
contact.  It  is  also  oF  great  significance  that  excess  W  on  top  of  WSi2  should 
be  avoided  for  the  study  of  WSi2  as  a  diffusion  barrier  between  A1  and  Si.  XRD 
analyses  with  a  diffractometer  and  Read  camera  showed  that  WSi2  of  tetragonal 
structure  was  formed  and  neither  poly-Si  nor  W  was  left  after  annealing, 
within  the  resolutions  of  the  techniques.  The  Al/WSi2/Sl  structure  was 
isochronal ly  annealed  for  1  hour  in  the  temperature  range  of  350  to  575°C  and 
the  Rg  values  were  then  measured.  Comparatively,  the  Al/W/Si  structure  was 
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R*  vs.  anneal  T  for  W/Si. 
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Fig. 2  Rs  vs.  anneal  T  for  Al/W/Si  and 
Al/WSl2/Si . 
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also  evaluated.  Results  from  both  structures  are  plotted  together  In  figure  2. 
The  substantial  Increase  in  Rb  of  the  Al/W/Sl  system  Is  due  to  a  WA1i2 
formation  [101.  For  the  AI/WSI2/SI  system,  the  minor  increase  of  Rb  observed 
at  475*C  is  probably  due  to  the  reaction  between  a  small  amount  of  W  left 
after  sillcidation  and  the  A1  layer  on  top  resulting  in  W-Al  alloy,  which  was 
not  detectable  by  XRD  technique. 

2)  Undoped  poly-Si  layers  of  4800  A  and  W  films  of  3400  A  were  deposited  on 
both  heavily  and  lightly  doped  SI  substrates  to  show  the  retardation  of 
sillcidation  process  on  the  heavily  doped  substrates.  Annealing  of  these 
structures  was  done  in  an  argon  flow  furnace.  Annealing  temperatures  used  were 
750,  800  and  950°C.  Different  times  were  applied.  At  low  annealing 
temperatures,  the  retarding  effect  is  obviously  exposed  by  the  diffractometer 
If  the  change  of  diffractory  intensity  of  W— (110)  plane  is  examined. 
Dlffractory  Intensities  of  annealed  samples  are  normalized  to  that  of  the 
as-deposited  sample  (figure  3).  On  the  other  hand,  identical  results,  i.e. 


Annealing  time  (min)  Annealing  temperature  (°C) 

Fig. 3  I/I0  vs.  anneal  T  and  time  for  Fig. 4  pc  vs.  anneal  T  for  Al/WSi2/Si. 
W/poly-Si /mono-Si  substrate. 


Backseat taring  Energy  (MeV) 


Fig.  5  Leakage  current  vs.  anneal  T  Fig. 6  RBS  spectra  for  A1/WS12/S1  after 
for  A1/WS12/S1.  475"C,  1  hour  anneal. 
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WSi2  formation  and  no  W  left,  were  found  for  both  heavily  and  lightly  doped 
substrates  when  950°C  was  used  for  silicidation. 

3)  The  specific  contact  resistivity  and  diode  leakage  current  of  the  system 
Al/WSi2/Si  were  evaluated  after  heat  treatment  at  different  temperatures.  RBS 
and  XRD  analyses  and  Rg  measurement  were  performed  to  study  the  thermal 
stability  of  the  system. 

The  contact  resistivities  of  WS12  to  an  n*-Si  substrate  with  a  surface  carrier 
concentration  of  7.5E19  cm-3  and  a  p*-Si  substrate  with  that  of  2.6E19  cm"3, 
were  9E-7  0cm2  and  IE-6  ficm2  (figure  4),  respectively. 

However,  all  of  the  diodes  failed  after  annealing  at  temperatures  higher 
than  475  “C  (figure  5),  indicating  interpenetration  of  A1  and  Si  which  was 
revealed  by  means  of  RBS  analysis  (figure  6).  On  the  other  hand,  any  kind  of 
alloy  formation  has  not  been  found  even  after  the  samples  treated  at  a 
higher  temperature  of  600°C  for  1  hour.  This  is  probably  due  to  Al  atoms 
diffusing  through  WS12  grain  boundaries  within  the  silicide  and  perhaps 
relates  to  the  absence  of  tungsten-aluminum  reaction. 

As  a  comprehension,  the  Al/LPCVD-W/Si  system  was  also  investigated.  Here, 
the  Al-Si  interpenetration,  the  alloy  formation  of  WA1j2  and  a  substantial 
increase  in  sheet  resistance  and  leakage  current  all  occurred  at  500'C  [10]. 

4.  SUMMARY 

WSi2  films  were  made  by  solid-phase  reaction  between  LPCVD-W  and  undoped 
poly-Si  on  top  of  heavily  doped  Si  substrates.  Low  and  uniform  specific 
contact  resistances  of  WSi2  to  n+  and  p+  Si  substrates  were  achieved. 
Interpenetration  of  Al  and  Si  was  not  found  below  475°C  when  a  WSi2  layer  of 
2500  A  was  used  as  a  contact  barrier.  No  W-Si-Al  alloy  format iom  was 
detected.  The  good  and  reliable  ohmic  contact  of  WS12,  made  in  such  a  way 
described  above,  to  both  n+  and  p+  Si  makes  WSi2  a  promising  candidate  as 
first  metal  in  a  multilayer  metallization  process,  for  which  the 
planarization  at  high  temperatures  is  desired. 
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Abstract  -  TaBz  compound  formation  in  TaSia  is  demonstrated  by  means  of  SEM,  SIMS-  and  XRD  analysis.  This  holds  for  B- 
doping  of  TaSiz  by  means  of  diffusion  from  poly-Si  as  well  as  for  direct  implantation.  The  formation  of  TaAs  could  not 
yet  be  proven.  As  the  mobile  boron  concentration  level  in  TaSia  is  low  due  to  the  compound  formation  diffusion  from 
TaSia  into  Si  is  rather  limited. 


1  -  INTRODUCTION 

With  shrinking  dimensions  both  laterally  and  vertically  in  IC  technology  the  requirements  on  sheet  and  contact  resistivities  are 
becoming  more  severe.  Therefore  silicides  have  become  a  focus  of  interest.  They  are  used  as  silicide,  salicide,  and  polycide 
layers  and  also  applied  as  a  diffusion  source  for  junction  formation  IV.  One  of  the  straightforward  applications  is  the 
formation  of  a  direct  contact  to  highly  doped  regions,  either  by  siliciding  doped  silicon  or  by  dopant  diffusion  from  silicide 
into  Si.  Heat  treatments  like  BPSG  reflow  or  diffusion  steps  redistribute  the  dopants  within  the  silicide.  However,  from 
thermodynamic  considerations,  it  can  be  deduced  that  upon  annealing  the  dopants  not  only  diffuse,  but  also  may  form  compounds 
with  the  metal  of  the  silicide  12 /.  This  undesirable  behaviour  has  been  demonstrated  in  the  case  of  boron  doped  TiSiz  131  and  is 
also  likely  to  be  found  in  TaSiz,  because  the  heats  of  formation  for  these  silicides  are  much  lower  than  for  the  respective 
metal-boron  compounds  (heats  of  formation  from  /4/  in  kJ/mole:  TiSiz:  - 134,3  TiBz:  -323,9;  TaSiz:  -119,3  TaBz:  -209,3.  For 
TiSiz  it  was  demonstrated  that  the  formation  of  titanium  boride  particles  effectively  limits  the  concentration  of  freely 
diffusing  boron  at  the  interface  to  the  mono-Si  which  leads  to  unacceptably  high  contact  resistances  131. 

In  this  work  boron  and  arsenic  doped  TaSiz  was  investigated  with  respect  to  compound  formation  and  its  influence  on  the 
diffusion  behaviour. 

2  -  EXPERIMENTAL 

In  order  to  exclude  any  possible  process  induced  enhancement  of  compound  formation  (like  radiation  damage  or  high  concentration 
effects)  direct  implantation  into  the  silicide  was  avoided  and  B  or  As-implanted  poly-Si  was  used  as  a  doping  source  for  the 
TaSiz  instead.  160  ran  of  amorphous  CVD-Siwere  deposited  on  <100>  oriented  Si  and  implanted  with  8  101J  B  cm  2, 15  keV  or 
510 As  cm-*,  50  keV.  Subsequently  100  nm  of  tantalum  silicide  were  sandwich-sputtered  (1st  layer  Ta;  sandwich  thickness  10 
nm),  capped  with  200  nm  of  CVD-SiOz  and  subjected  to  a  heat  treatment  of  900°C,  30  min. 
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In  a  second  experiment  the  influence  of  metal  dopant  compound  formation  on  junction  formation  was  investigated.  200  nm  of  TaSiz 
were  sandwich  sputtered  on  substrate  wafers  and  annealed  at  900°C,  30  min.  Subsequently,  B-implantation  (25  keV,  5  10lscmJ  or 
210lscm-2),  oxide  capping  (100  nm  SiOz)  and  diffusion  steps  from  800°C,  30  min  to  1000°C,  30  min  were  performed. 

SEM,  SIMS,  TEM  and  XRD  analyses  in  combination  with  specific  selective  etching  procedures  were  used  to  characterize  the  samples. 

3  -  RESULTS 


3.1  -  Evidence  of  metal  dopant  compound  formation: 
a)  Boron 

After  removing  the  capping  oxide  and  TaSiz' layer  selectively  to  the  B-doped  poly-Si,  an  SEM-micrograph  (fig.  1)  of  the  remaining 
surface  reveals  the  existence  of  bright  particles  (<J>  <  0,5  pm)  like  in  the  case  of  TiSiz/3/. 


4A 

* 
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Fig.  1:  SEM  micrograph  of  the  remaining  poly-Si  surface  with 
particles  after  selectively  etching  the  TaSiz. 
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Fig.  2:  X-ray  diffraction  patterns  of  the  sample  in  fig.  1, 
obtained  at  grazing  incidence  and  compared  with  the  powder 
diffraction  pattern  for  TaBz. 


An  x-ray  powder  diffraction  spectrum  (fig.  2)  at  grazing  incidence  demonstrates  that  these  particles  consist  of  pure  TaBz.  In  a 
NHzOH:HzOz:Hz  =  1:1:5  cleaning  solution  they  can  be  completely  removed.  This  is  also  demonstrated  by  SIMS  analyses;  fig.  3 
shows  the  B  and  Ta  signals  as  measured  before  and  after  this  dean.  For  the  latter  case  the  apparent  B  surface  concentration  is 
drastically  reduced  and  the  Ta  signal  is  at  the  detection  limit. 


DFPTH  (pm) 

Fig.  3:  SIMS-B-profile  of  the  remaining  poly-Si  on  mono-Si 
after  selectively  removing  the  TaSiz  (— )  and  after  an 
additional  cleaning  step  ( — )  to  remove  the  TaBz  particles. 


Fig.  4:  SIMS  profile  of  B  before  and  after  a  selective  etch 
of  the  TaBz  particles. 
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Of  course  it  is  very  important  to  separate  the  mechanism  of  TaBz  formation  from  the  boron  diffusion  processes.  As  nearly  ail 
TaB- -particles  are  grown  across  the  whole  TaSiz-layer,  this  separation  can  be  done  by  selectively  etching  the  TaBz  crystallites 
out  of  the  TaSU  bulk.On  the  remaining  TaSiz-layer  surface  holes  are  seen  in  the  SEM  at  those  locations,  where  TaBz  crystallites 
had  been.  Distribution  and  size  of  these  holes  are  exactly  the  same  as  those  of  the  TaBz  crystallites  in  fig.  1.  SIMS  profiles 
across  the  TaSiz  -polycide  structure  before  and  after  the  etching  procedure  are  given  in  fig.  4. 

The  B  profiles  within  the  polycrystalline  and  bulk  Si  are  identical  before  and  after  the  etch  step.  As  expected  they  show  a 
residual  implantation  peak  due  to  slow  B-diffusion  inside  the  grains  of  the  poly-Si,  a  segregation  peak  at  the  poly-Si/bulk-Si 
interface  and  a  steep  diffusion  profile  within  the  bulk-Si.  Within  the  TaSiz-layer,  however,  the  B-profile  changes  drastically 
upon  removal  of  the  TuBz  particles.  The  B  concentration  drops  from  810 20  atms/cm3  to  appr.  1.7  101S>  atms/cm3  which  amounts  to  a 
factor  of  50.  The  pile-up  of  boron  at  the  TaSiz/poly-Si  interface  for  the  etched  sample  is  due  to  small  TaBz  particles  (4>  =  20 
nm)  which  are  revealed  by  SEM  analysis  at  the  interface  after  the  TaSiz  layer  has  been  removed.  From  these  data  an  estimate  of 
the  average  mobile  concentration  of  B  in  TaSiz  (from  TEM:  average  grain  size  ds  =*  80  nm)  gives  2  101Balms/cm3  as  an  upper  limit 
for  900°C,  30  min  as  the  existence  of  such  small  TaBz  crystallites  within  the  TaSiz  layer,  where  they  could  not  be  selectively 
removed,  cannot  be  excluded.  The  excess  boron,  supplied  by  fast  grain  boundary  diffusion  from  the  poly-Si,  obviously  nucleates 
in  TaBz  crystallites.  Increasing  the  supply  of  boron  would  not  increase  the  concentration  of  mobile  boron  in  TaSiz  but  probab'y 
lead  to  further  growth  of  the  TaB2  crystallites. 

b)  Arsenic 

In  order  to  detect  any  Ta*Asy  compound,  an  identical  set  of  analyses  was  applied  to  the  As-doped  polycide  structure.  After 
etching  off  the  TaSiz-layer  some  kind  of  precipitates  was  found  on  the  etched  sample  even  after  an  overetch  of  500%.  X-ray 
fluorescence  analysis  indicated  the  presence  of  Ta  and  As.  However,  no  clear  evidence  for  a  Ta*Asy  compound  could  be  found  by 
XRD  due  to  coincidence  of  the  strongest  lines  for  TaAs  with  those  of  TaSia.  It  cannot  be  excluded  that  during  the  anneal  some 
trace  of  TaSiz  migrates  into  the  poly-Si  layer  like  has  been  seen  e.g.  in  the  case  of  CoSiz 151  and  TiSi  16 1.  Such  inclusions, 
of  course,  cannot  be  selectively  removed  from  the  poly-Si  and  therefore  would  provide  the  TaSiz  signal  in  the  XRD  spectrum. 
Further  analytical  work  is  in  progress. 


3.2  -  Impact  of  TaBz-compound  formation  on  the  boron  diffusion  behaviour: 

a)  inside  the  TaSiz  layer 

As  expected,  direct  implantation  of  boron  into  TaSiz  (instead  of  poly-si)  and  additional  diffusion  steps  from  800°C  to  1000°C 
lead  to  TaBz  formation  as  well.  From  SEM  analyses  it  can  be  deduced,  that  the  nucleation  behaviour  is  quite  different  from  the 
polycide  case.  A  lot  of  tiny  TaBz  crystallites  were  formed  in  the  regime  of  the  implantation  peak  as  well  as  at  the  interface  to 
the  monocrystalline  Si.  Their  size  (<t>  =  10  to  100  nm)  and  number  increased  with  increasing  annealing  temperature  and 
implantation  dose.  Upon  B  implantation  into  TaSiz  (2  10lacm-3,  25  keV)  an  annealing  step  of  900"C,  30  min  leaves  the 
implantation  peak  nearly  unchanged  (fig.  5)  which  is  mainly  due  to  quick  TaBz  formation.  Also,  quick  grain  boundary  diffusion 
obviously  leads  to  a  transport  of  boron  to  the  TaSiz/Si  interface.  There  again  nucleation  of TaBz  crystallites  occurs,  possibly 
supported  by  catalytic  effects  of  interface  impurities  like  Oz.  This  causes  a  depletion  of  the  boron  concentration  in  the  middle 
of  the  TaSiz  layer. 

b)  Diffusion  from  B-implanted  TaSia  into  monocrystalline  Si 

After  removal  of  the  TaSia  layer  and  TaBz-particles,  the  resulting  B  diffusion  profile  shows  a  shallow  profile  (x  =  110  nm)  and 
a  very  low  interface  concentration  of  —  4-  101S  B  cm-3  (fig.  6)  in  good  agreement  with  /7/.  As  TaBz-formation  effectively  limits 
the  average  concentration  of  freely  diffusing  boron  within  TaSia  to  less  than  2T01®  B  cm-3  B  diffusion  from  TaSia  into  Si  is 
reduced  accordingly.  This  is  clearly  demonstrated  by  comparison  with  a  B  profile  obtained  from  TiSiz  as  a  diffusion  source  73/ 
(effective  TiBz  formation)  and  as  opposed  to  that  poly-Si  as  a  diffusion  source  77/  where  there  is  no  compound  formation. 
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Fig.  5:  SIMS  profile  of  B  implant  (2T0“cm'2,  25  keV)  into  Fig.  6:  SIMS  profile  of  B-diffusion  from  TaSia  as  compared 

TaSia  ( — )  and  upon  annealing  at  900°C  for  30  min  ( — ).  with  diffusion  from  TiSia  and  poly-Si. 


4  -  CONCLUSIONS 

As  in  the  case  of  TiSia  also  for  TaSia  compound  formation  with  boron  has  been  demonstrated.  So  in  order  to  obtain  meaningful 
SIMS  data  special  ways  of  sample  preparation  have  to  be  followed.  As  most  of  the  boron  content  is  immobilized  in  the  compounds 
the  concentration  level  of  freely  moving  boron  within  the  TaSia  is  severely  limited  and  consequences  for  contact  resistivities 
are  to  be  expected. 
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Abstract:  By  reducing  the  thermal  budget  of  a  nonselective  W/WSi*- 
CVD  technology,  a  via  filling  process  completely  compatible  with  a 
conventional  aluminum  track  scheme  has  been  obtained.  A  specific  via 
resistance  in  the  range  cf  a  few  !0-B  Sic m’  was  realized.  Hillock 
formation  was  suppressed  significantly.  No  fluorine  pile-up  was  found 
at  the  WSi~-/AlSiTi-interface  so  the  formation  of  an  AlF3-interlayer 
has  been  avoided  successfully. 


Introduction 

In  multilevel  metallization  the  formation  of  reliable  and  planar  interlevel 
contacts  is  a  key  issue.  Sputtered  metals  for  via  contacting  fail  due  to 
self -shadowing  problems  as  via  dimensions  are  continuously  shrunk.  Blanket 
CVD-tungsten  offers  unique  conformal  step  coverage.  Therefore  it  is  well 
suited  for  via  filling  purposes.  Tungsten  plugs  in  vias  allow  for  the  use  of 
headless  metal  runners  in  a  conventional  aluminum  track  scheme.  They  fulfill 
the  option  of  stackability  of  interlevel  contacts.  Tungsten  cn  aluminum, 
however,  suffers  from  a  high  interface  resistance  and  an  unfavourable 
thermal  budget  /l/. 

The  formation  of  a  highly  resistive  AlF3-layer  is  an  inherent  problem  as 
long  as  tungsten  fluorine  (WF6)  is  used  for  the  deposition  of  tungsten  and 
tungsten  compounds  121 .  A  high  deposition  temperature  prevents  the  formation 
of  such  compounds  with  low  volatility,  which  influence  the  interfacial 
resistance.  High  temperature,  however,  enhances  hillock  formation.  Also  the 
reliability  of  an  optional  diffusion  barrier  at  the  aluminum-/silicon- 
interface  in  the  contact  area  may  be  endangered.  An  important  goal  in  every 
multilevel  metallization  scheme  is  the  repeated  application  of  the  via 
filling  process.  This  aggravates  the  problem  of  contact  resistances  in 
connection  with  low  deposition  temperature. 

This  paper  describes  a  tungsten  via  plug  process  aiming  at  the  minimization 
of  via  resistance  and  at  hillock  suppression.  The  main  emphasis  is  put  on 
optimization  of  the  integrability  in  a  multilevel  wiring  scheme  based  on 
AlSiTi-metallization . 

In  order  to  clarify  the  importance  of  interfacial  phenomena  and  geometrical 
effects  the  measured  resistances  are  compared  with  2-D  simulations. 
Calculations  were  done  using  the  program  VLSICAP  121 ,  which  is  based  on  a  2- 
D  finite  element  method. 


Experimental 

A  first  metal  layer  of  sputtered  and  patterned  AlSiTi-alloy  was  planarized 
by  an  etch  back  of  a  plasma  oxide/polyimide  double  layer  / 4 / .  1000  nm  plasma 
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oxide  were  deposited  as  intermetal  dielectric.  The  different-sized  viaholes 
were  opened  in  a  dry  plasma  etch  process  using  CHF3/0a.  The  native  oxide  on 
the  AlSiTi-surface  in  the  vias  was  removed  by  a  dip  etch  in  dilute  HF  just 
before  deposition  of  tungsten  in  a  cold  wall  reactor. 

Blanket  CVD-tungsten  was  deposited  using  WFe/SilU/Ha  as  reactive  gases.  In 
order  to  avoid  peel-off  of  tungsten  due  to  bad  adhesion  on  silicon  oxide  a 
100  nm  WSi^-layer  (x=  2.4)  was  deposited  first.  Then  500  run  of  tungsten  were 
grown  on  top  of  this  interlayer.  This  double  layer  deposition  was  performed 
at  various  temperatures  (To  =  400,  425  and  450°C). 

Vias  with  both  lateral  dimensions  larger  than  1  nm  are  not  completely  filled 
by  this  process;  the  inner  part  of  such  a  via  remains  empty.  A  sacrificial 
layer  of  300  nm  polyimide  was  spun  onto  the  wafers.  This  layer  was  etched 
prior  to  the  tungsten  etch  back  process,  thus  leaving  protective  polyimide 
plugs  in  the  grooves  between  the  vertical  tungsten  layers  covering  the 
sidewalls  of  the  vias .  Then  the  W/WSi«  on  top  of  the  dielectric  was  removed 
by  an  etch  back  process  using  a  SFs/Oa-plasma  (etch-rate:  400  nm 
tungsten/min,  uniformity:  +/-  5%)  /5/.  Finally  the  polyimide  plugs  were 
removed  with  a  resist  stripping  process.  Thus  the  planar  oxide  surface  was 
re-established . 

A  second  metal  layer  of  AlSiTi-alloy  was  sputtered  and  patterned.  Finally 
the  wafers  were  annealed  for  15  minutes  at  450°C  in  forming  gas  atmosphere. 

Via  resistances  were  measured  •  using  two  level  via  chains  with  vias  ranging 
down  to  an  edge  length  of  1.0  nm.  The  via  hole  filling  was  controlled  by  SEM 
as  well  as  by  metallographic  cross-sections.  The  composition  of  the  layers 
was  tested  by  electron  microprobe  mass  analysis.  Auger  depth  profiling  was 
used  to  monitor  the  interface  composition. 


Results 


Sheet  resistance  of  the  WSi*-and  W-layers  are  only  weakly  dependent  on 
deposition  temperature  in  the  range  investigated.  Strong  hillock  suppression 
is,  however,  achieved  by  decreasing  To  to  400°C  (fig.  1).  Even  for  this  low 
deposition  temperature,  the  goal  of  via  resistances  in  the  10_8Rcma  regime 
has  been  achieved.  Wereas  the  high  temperature  (To  -  450°C)  via  resistance 
is  predicted  quite  well  by  the  simulation  based  on  measured  sheet 
resistances  of  fig.  1,  the  rise  of  Rvi.  with  decreasing  To  is  underestimated 
by  the  calculations.  This  discrepancy  points  at  the  existence  of  a  resistive 
interfacial  layer  at  low  To . 


WDeposilion  Temperature  T0("C  ) 

Fig  V  and  W Sim  (*  =*2.4)  sheer 

resistances  w  deposition  temperature  T0 
and  hillock  density  on  AlSiTi 


Deposition  Temperature  (*C) 

-5-2:  Resistance  of  a  i.O  x  l.U  \itnA  via  vs. 

WSiJW  deposition  temperature.  Simulations 
based  on  experimental  sheet  resistivities  show 
only  little  increase  of  via  resistance  with 
decreasing  deposition  temperature 


Via  Resistance  (O) 


C4-181 


Vias  ranging  down  to  a  nominal  edge  length  of  1  urn  have  been  sufficiently 
filled  (fig.3a-c). 


•)  1.0  *  1.0  (im*  b)  1.1  x  1.1  |im*  c)  1.2  x  1.2  |im» 


Fig.3a.3c  SEM  micrographs  or  via  chains  with  CVD-lungsien  filled  vias  o(  different  siie  (Tq=400“C)  after  AISiTi-2-palteming 

A  comparison  of  the  measured  via  resistances  for  different  via  sizes  with 
simulated  values  is  given  in  fig.  4.  The  simulation  was  based  on  measured 
sheet  resistances  (fig.  1).  Results  are  in  good  agreement  with  experimental 
data  for  To  =  450 °C.  As  the  changes  in  sheet  resistivity  for  various 

deposition  temperatures  are  small  (fig.  1),  only  a  slight  increase  of  via 
resistance  with  decreasing  deposition  temperature  is  predicted  by 
simulation. 

A  disadvantage  of  the  lower  deposition  temperature  is  the  slightly  reduced 
deposition  rate  (fig.  5).  Below  400°C  only  insufficient  growth  rate  could 
be  obtained. 


Via  Size  (pm)  W-De  position  Temperature  T0[‘c] 

Fig.4:  Vi*  resistance  vs.  via  size  for  TO"450*C  Dependence  of  deposition  rate  on  deposition 

temperature 

The  investigation  of  the  WSi*-AlSiTi  interface  by  AES-prof ilinq  did  not  show 
any  pile  up  of  fluorine  (fig.  6).  rig.  7  sho.s  a  TEM-micrograph  of  this 
interface. 

The  formation  of  A1F3  during  the  tungsten  deposition  process  probably  is 
prevented  by  the  presence  of  silane.  SiH«  seems  to  enhance  the  formation  of 
volatile  fluorine  compounds  thus  blocking  the  formation  of  A1F3. 
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Fig.6:  AES  depth  profile  of  W/WSu/AISfli-systcm 
after  anneal.  No  indication  of  an 

interfacia!  layer  (AlPj)  between  AISiTi 
and  WSi*  can  be  seen 
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Fig.7:  TEM  micrograph  of  a  cross-section 
of  the  W/WSix/AISiTi-intcrfacc 


Conclgs ions 

With  a  .  low  temperature  W/WSi^-CVD  technology  for  via-filling  a  fully 
stackable  multilayer  interconnect  system  using  conventional  aluminum  tracks 
comes  into  reach.  In  particular  the  well  known  trade-off  between  via 
resistances  and  hillock  formation  could  be  greatly  alleviated. 
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Resume-  Pour  les  technologies  submicroniques.des  dtapes  de  metallisation  autoaligndes  sont  de  plus  en 
plus  ndcessaires  .  La  formation  autoalign6e  du  siliciure  de  tungstens  WSi2  par  faction  entre  W  et  Si  a 
pu  etre  maitrisde  en  rdalisant  des  recuits  sous  oxygene  et  sous  ammoniac  .  La  formation  latdrale  du 
siliciure  est  alors  dvitde  meme  sur  des  espaceurs  d'oxyde  d'6paisseur  60  nm  . 

Ahstract-With  devices  at  submicronic  dimensions  ,  self-aligned  processes  are  becoming  of  increasing 
interest  .  The  self  aligned  W  silicide  formation  by  localised  reaction  between  W  and  Si  has  been 
controlled  using  reactive  atmosphere  ,  oxygen  and  ammonia  ,  during  furnace  annealing  .  No  lateral 
silicide  formation  over  Si02  spacers.only  60  nm  thick.has  been  observed  . 


1-tNTROPWHOM 

Refractory  metal  silicides  are  more  and  more  widely  used  in  semiconductor  technology  due  to  their 
resitivity  as  materials  for  gate  interconnections,  contacts  on  source  and  drain  areas, and  as  a  first 
buried  metallic  layer  for  local  interconnections. For  ultra  large  scale  integration, with  devices  at 
submicronic  dimensions,  self  aligned  silicidation  is  becoming  of  increasing  interest.The  self  aligned 
process  can  be  achieved  either  by  selective  deposition  of  the  silicide  layers  or  by  direct  reaction, 
induced  by  thermal  annealing  .between  the  refractory  metal  deposited  over  the  whole  wafer  and  the 
underlying  silicon  occurring  only  at  localised  points  where  these  two  materials  come  into  contact  .On 
the  other  hand  the  reaction  between  the  refractory  metal  and  oxidized  silicon  surface  cannot  take 
place.This  latter  approach  is  known  as  the  salicide  process. The  critical  step  in  such  a  scenario 
consists  of  the  ability  to  well  control  the  metal  silicon  reaction  to  avoid  any  lateral  silicide  formation 
over  Si02  spacers,  only  a  few  thousand  angstroms  wide  separating  the  silicide  areas  .  Without  this 

control  bridging  between  the  gates  sources  and  drains  could  occur. 

To  make  sure  that  the  silicide  process  works  properly  the  operating  range  for  annealing  time  and 
temperature  must  be  large  enough  to  allow  for  control  and  reproducibility  of  the  process.  For  this  it 
appears  necessary  to  slow  down  the  silicide  growth  kinetics  by  inducing,  at  the  surface  of  the  metal 
layer,  a  second  reaction  between  the  metal  and  a  reactive  annealing  atmosphere  .Consequently  a 
stable  state  of  equilibrium  will  be  reached  between  the  metal  silicide  phase  and  the  metal  compound 
formed  with  the  reactive  atmosphere. Titanium  is  the  refractory  metal  by  far  the  most  widely 
accepted  for  this  technology  /I /.The  TiSi2  growth  kinetics  has  been  found  to  be  blocked  by  the 

formation  of  TiNix  compounds  during  thermal  annealing  under  an  N2  flow. This  paper  presents  recent 
decisive  progress  toward,,  the  control  of  the  self  aligned  W  silicide  formation  . 
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2£ffiEBIMEMTAL 

Up  to  now  silicide  technology  has  not  worked  using  W.lt  is  difficult  to  achieve  on  the  W/Si  reaction  due 
to  the  hight  sensitivity  of  the  reaction  to  small  amounts  of  oxygen  both  at  the  W/Si  interface  and 
trapped  in  the  W  layer  during  metal  deposition/2/  .Moreover  tungsten  does  not  react  with  N2.On  the 

contrary  W  reacts  with  oxygen, but  in  this  case  the  reaction  occurs  so  fast  that  tungsten  is 
completely  oxidized  before  the  silicide  reaction  even  begins  .Recently  W  nitridation  has  been  studied 
using  ammonia  .The  WNX  compounds  growth  kinetics  start  at  550°C  but  seem  to  occur  too  fast 

compared  with  the  W  silicide  formation  which  is  generally  blocked. 

To  overcome  these  difficuties  encountered  when  using  oxygen  or  NHg  as  the  reactive  annealing 
atmosphere  the  following  solution  has  been  envisaged. The  WOx  and  WNX  growth  kinetics  can  be 

controlled  by  limiting  the  amount  of  reactive  gas  (oxygen  or  ammonia)  in  the  annealing 
atmosphere.Consequently  these  reactions  can  be  slowed  down  enough  to  allow  W  silicide  formation  at 
the  W/Si  interface  .By  varying  the  oxygen  (or  NH3)  partial  pressure  in  the  annealing  atmosphere  it  is 

perfectly  possible  to  control  the  state  of  equilibrium  between  the  WOx  (or  WNX)  phase  and  the  WSi2 

phase  at  a  fixed  annealing  temperature. On  the  other  hand, when  the  oxygen  (or  ammonia)  partial 
pressure  has  been  fixed  ,it  is  perfectly  possible  to  control  the  reacted  silicide  thickness  by  varying 
the  annealing  temperature. Thus  the  W  silicide  process  can  be  optimized  by  adjusting  two  free 
parameters  The  partial  pressure  of  the  reactive  atmosphere  and  the  annealing  temperature. For  the 
experimental  study  silicon  wafers  with  600A  Si02  on  the  lop  were  used.By  reactive  ion  etching  (RIE) 

two  reverse  patterns  were  obtained:either  40um  wide  silicon  lines  with  4um  wide  Si02  spacers 
or4um  wide  Si  lines  with  40um  wide  Si02  spacers.Over  the  whole  patterned  wafer  a  50nm  thick  W 

D 

layer  was  sputtered.  Residual  vacuum  values  of  a  few  10  T  were  reached  in  the  sputtering  system 
before  starting  the  W  deposition  .The  W  silicon  reaction  was  first  studied  on  unpatterned  Si  wafers  by 
using  argon  during  thermal  annealing  .  At  700°C  the  reaction  is  complete  only  for  annealing  times  of 
about  one  hour  .but  at  750°C  the  annealing  time  is  reduced  to  less  than  a  quarter  of  one  hour. 
Annealings  under  reactive  atmospheres  of  oxygen  and  ammonia, were  then  performed  using  patterned 
and  unpatterned  samples  at  annealing  temperatures  in  the  700°C,1000°C  range  and  for  annealing 
times  much  greater  than  necessary  for  a  complete  reaction  of  the  W  layer  with  the  silicon. The 
patterned  samples  were  observed  by  SEM  and  X  ray  diffraction  ,the  unpatterned  samples  by  RBS, 
nuclear  reaction  and  X  ray  diffraction  . 

SEM  observations 

The  photographs  shown  in  Fig  1  and  2  correspond  respectively  to  thermal  annealing  with  oxygen  and 
ammonia.  As  the  Si02  spacers  are  only  60nm  thick  any  lateral  silicide  formation  of  this  order  of 

magnitude  over  such  spacers  can  easily  be  observed  .  Figure  la  shows  the  silicide  grown  at  850°C  for 
4mn,  by  using  dilute  oxygen  and  after  chemical  etching  of  WOx.The  silicide  is  perfectly  aligned  on  the 

silicon  line  and  no  lateral  silicide  formation  over  the  Si02  surfaces  is  observed.  Fig  1b  shows  the 
edge  of  a  Si02  line  at  the  boundary  with  a  silicide  area. The  salicide  process  has  been  well  controlled. 
Fig  2a  shows  cross  sections  of  patterned  samples  annealed  at  850°C  for  4mn  under  dilute  NHg.The 
view  in  Fig  2a  has  been  taken  before  chemical  etching  of  WNX  formed  on  Si02  The  difference  in  the 
thickness  of  the  deposited  layer  either  over  the  Si02  surface  or  over  the  Si  surface  underlines  the 

formation  of  two  different  phases  over  these  two  different  surfaces.  The  photograph  of  Fig  2b  shows 
the  patterns  after  chemical  etching  of  WNx.Here  also  the  W  salicide  process  has  been  well  controlled. 
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Fig.l-SEM  observation  of  self  aligned  silicide 
grown  at  SSO^C^  mn,  under  oxygen 
a-plane  view 

b-edge  of  a  Si02  spacer  ,60  nm  thick,  at 
the  boundary  with  a  silicide  area 

R.B.S  and  nuclear  reaction 


Fig.2-SEM  cross  sections  of  patterned  samples 
annealed  at  850°C,  4mn,  under  NH3 
a-before  chemical  etching 
b-after  chemical  etching 


Annealing  under  NH3  at  atmospheric  pressure  (Fig  3): 

In  Fig  3a  the  squares  correspond  to  thermal  annealing  at  700°C  for  one  hour.Tungsten  and  silicon  have 
not  reacted  .The  corresponding  nitrogen  profile  in  Fig  3b  obtained  using  the  nuclear  reaction 
14N(d,ot)12C  shows  two  peaks  localised  at  the  free  surfaces  of  the  sample  (4E16  at/cm2  dose  )  and 
the  W/Si  interface  (3.1  El  6  at/cm2  dose). 


The  crosses  in  Fig  3a  are  obtained  when  annealing  at  750°C  for  one  hour.  A  WN0  7  compound  has  been 

found  on  the  top  of  the  layer,  followed  by  a  thick  sublayer  of  unreacted  W.  The  corresponding  N  profile 
shows  a  peak  (4E16  at/cm2)  localised  at  the  W/Si  interface.  By  increasing  the  temperatures  for 
isochronal  annealings  the  amount  of  N  into  W  increases  slowly. Finally  a  homogeneous  WN 
stoichiometry  is  found  when  annealing  at  900°C  and  above. From  RBS  and  nuclear  reaction, 
observations  two  important  conclusions  can  be  reached 

1) N  diffuses  through  the  layer  without  precipitate  WNX  compounds  for  annealing  temperatures  up  to 

750”C.As  N  solubility  in  W  is  very  low,  the  N  diffusion  must  occur  at  the  W  grain  boundaries  The 
driving  fcrce  could  be  the  formation  at  the  Si  surface  of  SiNx  compounds  thermodynamically  favorable 
with  regard  to  WNX  compounds. 

2) The  growth  kinetics  rate  for  the  WNX  phases  are  low  compared  with  the  WS^  kinetics 

3) As  a  result  of  the  preceding  remarks.it  appears  to  be  the  rapid  accumulation  of  N  at  the  W/Si 
interface  which  blocks  the  silicon  diffusion  and  impedes  the  WS^  formation. 


□  700°  C 
-j-  750’  C 


cmanncl  Mjrata 


Fig.3  a-RBS  spectra  of  W  after  annealing  under  atmospheric  pressure 
b-corresponding  N  profiles  by  nuclear  reaction 


YIELD 
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Annealing  under  oxygen  atmospheric  pressure: 

The  W  is  completely  oxidized  and  forms  the  WO3  phase  for  annealing  temperatures  above  500  G  .  I  he 
RBS  spectrum  in  Fig  4  corresponds  to  thermal  annealing  at  400°C  for  one  hour.The  corresponding 
oxygen  profile  has  been  obtained  using  the  nuclear  reaction  f1  eO(d,a)1 4N).A  WOg  layer  is  found  at 

the  free  surface  covering  an  oxygen  free  unreacted  W  layer  .Moreover, not  any  oxygen  peak  at  the 
W/Si  interface  has  been  observed. The  W  behaviour  with  oxygen  is  found  to  be  very  different  from 
the  behaviour  found  with  N  : 

1) Free  oxygen  does  not  diffuse  through  the  W  layer  to  accumulate  at  the  W/Si  interface 

2) The  WO3  phase  forms  at  temperatures  as  low  as  400°C,and  its  growth  kinetics  is  very  fast 

compared  with  the  WS12  growth  kinetics 

3) As  a  result.it  is  the  rapid  formation  of  WO3  which  impedes  the  formation  of  WS^. 


Pig. 4  a-RBS  spectrum  of  W  after  annealing  under  oxygen  at  atmospheric  pressure 
b-corresponding  O  profile  obtained  by  nuclear  reaction 


X  ray  diffraction  measurements  and  resistivity  measurements  have  also  been  performed  and  the 
results  confirm  the  RBS  observations. 

3-CONCLUSION 

Self  aligned  W  silicide  formation  has  been  controlled  by  using  oxygen  and  ammonia  as  reactive 
annealing  atmosphere  .  After  furnace  thermal  annealing  ,  W  nitride  and  W  oxyde  can  be  selectively 
removed  using  a  chemical  etching  which  leaves  only  the  WSi2  phase  .  Moreover  ,  with  respect  to 
important  processing  aspects  -dopants  redristibution  between  WSi2  and  poly  or  monocrystalline  Si 
allowing  to  form  very  shallow  junctions  below  silicided  contacts  ,  compatibility  of  the  silicide  with  a 
first  W  C.V.D.  interconnection  level/3/-  WSi2  presents  a  very  interesting  behaviour  making  it  very 
attractive  for  self  aligned  silicide  processes  . 
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Abstract  -  This  paper  outlines  models  for  the  redistribution  of  dopant  during  the 
incorporation  of  silicides  in  VLSI  processes. 


1 .  INTRODUCTION 

As  device  geometries  are  reduced  the  maximum  speed  of  a  circuit  is  governed  increasingly 
by  the  RC  constant  of  the  interconnect.  Refractory  metal  silicides  are  therefore 
receiving  much  attention  as  highly  conducting  additions  to  the  polysilicon  interconnects 
and  source/drain  regions  of  VLSI  devices  /l/.  The  silicon  consumed  during  silicide 
formation  is  generally  highly  doped  and  it  is  important  to  understand  and  to  model  the 
resulting  dopant  redistribution.  Silicide  formation  is  also  known  to  modify  dopant 
diffusion  by  injection  or  depletion  of  point-defects  in  the  underlying  silicon  171 .  The 
modelling  of  this  silicide  formation  and  the  corresponding  dopant  redistribution  within 
and  below  the  silicide  layer  is  discussed  in  section  3. 

Silicides  can  also  be  used  as  a  diffusion  source  to  generate  sub-100  nm  junctions  /3/. 

The  silicide  is  formed  and  implanted  and  a  subsequent  anneal  causes  the  implanted  dopant 
to  diffuse  through  the  silicide  and  into  the  silicon  substrate.  Dopant  redistribution, 
therefore,  takes  place  with  minimal  movement  of  the  silicide-silicon  interface,  and  the 
junctions  can  be  created  with  high  surface  concentrations  and  corresponding  low  contact 
resistivities.  It  is  important  to  understand  and  model  this  process  step  if  it  is  to  be 
exploited  in  future  VLSI  processes.  The  modelling  of  dopant  redistribution  within  and 
below  these  pre-formed  silicide  layers  is  discussed  in  section  2. 

2.  OUT  DIFFUSION  OF  DOPANT  FROM  SILICIDE  AND  THE  STATIC  MODEL 

Table  1  outlines  an  experiment  to  examine  out-diffusion  of  the  common  dopants  from  cobalt 
silicide.  Thick  < 0.55  pm)  silicide  layers  were  formed  to  allow  dopant  profile 
evolution  within  the  silicide  to  be  examined.  Boron,  phosphorus  or  arsenic  were 
implanted  to  a  range  of  about  7S  nm  and  the  films  were  then  annealed  for  30  seconds  at 
700*c  or  1000‘C.  The  electrical  characterisation  data  from  the  resulting  p+/n  or  n+/p 
junctions  are  given  in  Table  2.  Good  diode  characteristics  were  not  achieved  with 
similar  anneals  using  titanium  silicide  as  the  diffusion  source.  Scanning  Electron 
Microscopy  (SEM)  analysis  of  the  cobalt  silicide  films  after  formation  and  after 
subsequent  anneals  showed  the  silicidc-siiicon  interface  to  undulate  by  oAs  pm. 

Figure  1(a)  shows  a  boron  implanted  cobalt  Bilicide  film  after  anneal  at  1000'C  for 
30  seconds.  The  interface  undulation  is  apparent,  as  is  the  silicide  grain  structure. 
Figure  1(b)  shows  the  same  sample  after  a  junction  delineation  etch  and  the  junction  can 
be  seen  to  follow  the  silicide-silicon  interface.  The  dopant  profiles  were  measured  by 
Secondary  Ion  Mass  Spectroscopy  (SIMS),  the  layer  conductivity  by  Spreading  Resistance 
Analysis  (SRA)  and  the  interface  position  and  junction  depth  were  determined  by  Bevel  and 
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Stain  (B&S).  The  results  are  shown  in  Figure  2.  The  high  SRA  concentration  within  the 
silicide  indicates  high  conductivity.  The  peak  ir.  the  SRA  profile  corresponds  to  the 
point  at  which  the  analysis  probes  first  reach  the  undulating  silicide- silicon  interface 
and  the  deeper  inflection  point  is  where  the  probes  leave  the  interface.  The  flat  boron 
concentration  in  the  silicide  bulk  shown  by  the  SIMS  indicates  very  rapid  diffusion  to 
the  silicon  surface  and  a  junction  depth  of  0.17  pm  results. 

Dopant  diffusion  from  a  pre  formed  silicide  was  modelled  by  using  the  one-dimensional 
process  simulator,  SUPREM  3  /4/,  with  the  silicide  implemented  as  a  user-defined 
materal.  Figure  3  shows  the  simulated  profile  corresponding  to  the  data  of  Figure  2. 
Simulation  of  the  rapid  diffusion  in  the  silicide  is  achieved  by  using  a  diffusion 
coefficient  for  boron  of  10^  to  10^  times  the  silicon  intrinsic  value.  Similar 
values  were  required  for  arsenic  and  phosphorus  diffusion  in  the  silicide.  This 
illustrates  the  magnitude  and  importance  of  grain  boundary  diffusion  in  cobalt  silicide. 

A  silicide  silicon  segregation  coefficient  of  unity  gives  good  agreement  between 
empirical  and  modelled  values  of  silicon  surface  concentration,  highlighting  the 
suitability  of  cobalt  silicide  for  the  formation  of  juntions  with  low  contact 
resistance.  Also  shown  in  Figure  3  is  Lhe  predicted  boron  profile  in  the  silicon 
substrate  using  the  default  diffusivity  and  using  modified  diffusion  coefficients.  An 
eight-fold  enhancement  of  boron  diffusivity  is  required  for  agreement  with  experiment. 
Arsenic  diffusivity  from  the  silicid  into  the  substrate  showed  a  two  orders  of  magnitude 
enhancement.  These  diffusivity  enhancements  beneath  the  cobalt  silicide  are  consistent 
with  considerable  vacancy  injection  by  the  silicide. 

3.  SILICIDE  FORMATION  ON  DOPED  SILICON  AND  THE  DYNAMIC  MODEL 

Figure  4(a)  shows  an  Auger  Electron  Spectroscopy  (AES)  analysis  of  a  sputtered  layer  of 
titanium  metal  on  arsenic  implanted  single  crystal  silicon.  Figure  4(b)  shows  the  same 
sample  after  titanium  silicide  formation.  Layer  evolution  during  the  formation  anneal  is 
apparent,  as  is  considerable  dopant  redistribution.  Figure  5(a)  shows  an  AES  of  a 
titanium  silicide  film  formed  over  phosphorus  doped  polysilicon.  A  layered  structure  and 
considerable  dopant  movement  is  again  observed. 

The  importance  of  modelling  dopant  redistribution  during  silicide  formation  is  apparent 
from  figures  4  and  5.  For  the  static  model,  the  movement  of  dopant  to  and  across  static 
boundaries  was  readily  modelled.  For  the  more  general  case,  however,  where  dopant 
diffusion  and  segregation  coincides  with  layer  formation  and  boundary  movement,  a  more 
complex  modelling  capability  is  required.  A  qualitative  model  for  layer  evolution  during 
titanium  silicide  formation  is  shown  in  Figure  6.  The  deposited  titanium  layer  readily 
absorbs  oxygen  when  exposed  to  air.  On  annealing  at  650“C,  titanium  and  silicon  react  to 
commence  silicide  formation.  Silicon  diffuses  through  the  existing  silicide  and  reacts 
with  the  metal  layer  to  continue  the  silicide  formation,  and  the  silicide  metal  and 
silicide  silicon  interfaces  move.  The  oxygen  present  in  the  titanium  layer  is  not  highly 
soluble  in  the  silicide  and  is  ' snow- ploughed '  into  the  titanium  ahead  of  the  advancing 
interface.  Nitrogen  is  incorporated  from  the  anneal  ambient,  creating  a  titanium  nitride 
layer  at  the  metal  surface. 

Figure  7  shows  the  layer  evolution  and  the  corresponding  redistribution  of  arsenic  or 
phosphorus  during  a  self-aligned  silicide  process  step.  As  the  silicide  forms,  the 
dopant  diffuses  rapidly  through  it,  segregates  preferentially  to  the  metal  layer  and  some 
dopant  segregates  to  the  capping  nitride  layer  where  diffusivity  is  low.  The  capping 
nitride  and  unreacted  metal  are  subsequently  stripped.  Also  shown  in  Figure  7  is  a 
self-aligned  nitride  formation  at  1100*C.  This  results  in  the  displacement  of  silicon 
and  dopant  by  nitrogen  at  the  silicide  surface  as  the  titanium  nitride  forms.  Much  of 
the  displaced  material  diffuses  through  the  silicide  and  is  epitaxially  redeposited  on 
the  substrate. 

A  preliminary  investigation  of  the  implications  of  this  qualitative  model  was  undertaken 
using  a  modification  of  the  oxidation  model  in  SUPREM  3.  Silicide  silicon  and 
silicide- ambient  Begregration  coefficients  were  varied  as  was  the  diffusion  coefficient 
and  sllicide-sillcon  boundary  velocity.  The  low  dopant  diffusivity  in  the  capping 
titanium  nitride  layer  was  found  to  limit  the  flux  of  dopant  from  silicon  substrate  to 
anneal  ambient.  The  titanium  nitride  therefore  plays  an  important  role  in  minimising 
dopant  loss  during  the  silicidation  of  highly  doped  silicon. 

A  fully  characterised  moving  boundary  model  for  silicides  must  be  implemented  in  a 
process  modelling  package  like  SUPREM  3  if  the  use  of  silicides  in  VLSI  processes  is  to 
be  optimised. 
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4.  CONCLUSIONS 

As  silicides  are  incorporated  into  VLSI  processes,  it  is  becoming  increasingly  important 
to  model  their  effect  on  dopant  redistribution.  Two  initial  models  have  been  presented 
here  which  address  this  problem.  The  static  model  has  been  shown  to  give  results  which 
compare  favourably  with  experimental  data.  A  qualitative  dynamic  model  is  outlined  which 
when  implemented  will  provide  a  useful  tool  for  determining  the  effect  of  silicides  on 
VLSI  processes. 
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Fig.l  Cobalt  silicide  film  (0.55um|  implanted  with  boron  (lx10l6cm'z,  25keV) 
and  annealed  O0OO°C,  30secs)  to  form  a  silicided  p*/n  junction 
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Fig.  2  Experimental  boron  diffusion  from  a  CoSi,  source 
anneal:  1000  C,  30  secs 


Fig.  3  Simulated  boron  diffusion  from  a  CoSi,  source 
anneal:  1000  C,  30  secs 
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Metal  deposition:  Co 

Silicide  formed  700C 

Silicide  implant:  B,  P,  As  to  1  E16cm  2 

S-liclde  anneal:  700C.  1 000C,  30  SECS 

Electrical  char:  Ideality,  leakage 

Material  char:  SEM 

SIMS 
SRA 
B&S 

Table  1 .  Experimental  procedure  for  out-diffusion  of  dopant 
from  silicide 
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Fig  4  AES  of  arsenic  (a)  before  TiSi,  formation 
(b)  after  TiSij  formation 


CoSi2 

Anneal 

Ideality 

Leakage 

temo 

Boron 

700C 

<1.1 

good 

1000C 

1.3 

very  good 

Phosphorus 

700C 

1.5 

OK 

1000C 

2.J 

good 

Arsenic 

700C 

<1.1 

OK 

1000C 

1.7 

good 

Table  2.  Electrical  characteristics  of  diodes  formed  by  out- 
diffusion  of  dopant  from  silicide  for  30  secs 


(Phosphorus  signal  magnified  by  a  factor  of  about  SO) 


Fig.  5  AES  analysis  of  a  titanium  film  deposited  over 
phosphorus  doped  polysilicon  and  annealed 
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Fig.  6  Layer  evolution  during  titanium  silicide  formation  at 
650  C 


Fig.  7  Structure  of  silicide  during  formation 
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R6sume.  L'interaction  dans  le  systfeme  poly-Si  sur  TiSi2  sur  un  substrat  de  Si  et  dans  le  systfcme 
polycide  avec  CoSi2  ainsi  qu'avec  TiSi2  est  anaiysee  quand  ils  soni  soumis  &  une  temperature  eievee 
dans  un  four  classique.  On  ddmontrera  que  le  premier  systfeme  souffre  d'instabilite  due  it  la  croissance 
epitaxiale  dans  la  phase  solide  qui  peut  seulement  etre  evitee  partiellement  par  le  dopage  de  la  couche 
poly-Si.  Le  systfcme  polycide  montre  une  couche  de  TiSi2  qui  est  devenue  rude  et  qui  pourrait  poser 
des  probiemes  pour  des  couches  poly-Si  initiellement  plus  minces  que  450  nm.  Dans  le  cas  de  CoSi2, 
la  degradation  est  desastreuse:  le  metal  Co  peut  etre  detecte  panout  dans  la  couche  poly-Si,  ce  qui  est  & 
peine  6 vi table  meme  par  un  dopage  du  CoSi2  avec  As  ou  B. 

Abstract.  The  interaction  in  the  system  poly-Si  on  TiSi2  on  Si  and  in  the  polycide  system  both  with 
CoSi2  and  TiSi2  is  investigated  when  subjected  to  furnace  heat  treatments  at  high  temperature.  It  will 
be  shown  that  the  first  system  suffers  from  instability  due  to  SPE-regrowth  which  is  partially  avoided 
by  doping  the  poly-Si.  The  polycide  system  shows  severe  roughening  of  the  TiSi2-  However,  in  the 
case  of  CoSi2.  the  degradation  is  more  pronounced,  viz.  the  Co  is  detected  all  over  the  poly-Si  layer 
and  this  can  hardly  be  suppressed  by  doping  of  the  CoSi2-layer. 

Introduction 

In  this  work,  the  stability  of  layered  silicide/poly-Si  structures  is  investigated  when  subjected  to  high 
temperatures.  These  high  temperatures  are  used  in  a  full  process  to  perform  a  glass  reflow  and,  very 
recently,  to  diffuse  the  dopants  into  the  Si  using  an  implanted  silicide  as  a  diffusion  source  [1],  [2],  13). 
This  investigation  deals  both  with  the  system  poly-Si  on  TiSi2  on  a  Si-substrate  and  with  the  polycide- 
system  (a  CoSi2  or  TiSi2  layer  on  a  poly-Si-gate).  The  first  structure  has  recently*  been  proposed  for 
application  in  an  n-MOS  process  with  CoSi2  in  which  source  and  drain  regions  are  formed  by  diffusion  from 
a  dopant  gas  ambient  through  a  'poly-plug'  on  the  silicide  in  the  contact  holes  )4).  The  latter  structure  occurs 
in  a  self-aligned  process,  for  instance  when  dopants  are  diffused  from  an  ion  implanted  silicide  for  source 
and  drain  formation.  In  such  a  case,  it  would  be  very  attractive  to  dope  the  poly-Si  gate  also  by  diffusion  from 
the  implanted  silicide- layer. 

Experimental 

A  TiSi2-layer  of  approx.  90  nm  thick  was  formed  on  Si-substrates  of  <100>  orientation.  The  native  oxide 
was  removed  by  a  2%  HF  dip  immediately  before  sputtering  the  metal.  Then  100  nm  of  poly-Si  were  CVD- 
deposlted  at  600°C  and  were  either  left  unimplanted  or  implanted  with  As  or  B  to  a  dose  of  5.E15  cm-2.  To 
prevent  dopant  evaporation  during  heat  treatments,  a  cap  layer  of  100  nm  CVD-SiC>2  was  deposited.  Finally, 
furnace  heat  treatments  were  performed  at  800°C  (2  h)  or  at  900°C  (30  min  and  2  h)  in  an  N2  ambient. 
This  set  of  samples  will  further  be  referred  to  as  the  poly-plug-syst&m.  In  another  experiment  a  gate  oxide 
of  20  nm  was  grown  followed  by  deposition  of  450  nm  of  poly-Si  at  600°C.  Then  90  nm  of  CoSi2  or  TiSi2 
was  formed  which  was  also  either  left  unlmplanted  or  implanted  (B  or  As)  and  capped  with  100  nm  of  CVD- 
Si02-  Also  here  a  native  oxide  removal  in  2  %  HF  was  carried  out.  Again  heat  treatments  were  performed  at 
700°C  during  4  h,  at  800°C  during  2  h  or  at  900°C  during  1  h  in  an  N2  ambient.  This  system  will  be 
referred  to  as  the  polycide  structure.  Both  sets  of  samples  were  analysed  by  RBS,  AES,  cross-sectional  SEM 
(XSEM)  andTEM. 
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Results 

Figure  1  shows  2  MeV  4He+  RBS  spectra  of  the  unimplanted  poly-plug  structure  with  TiSi2  that  was  heat 
treated  at  different  temperatures.  It  is  clear  that  after  an  800°C,  2  h  step,  the  RBS  spectrum  coincides 
completely  with  the  one  for  the  unheated  sample  which  indicates  that  no  interaction  between  the  layers  has 
taken  place.  But  after  a  900°C,  2  h  treatment,  the  Ti-peak  as  well  as  the  edge  from  the  Si-substrate  have 
shifted  to  higher  backscattering  energies  indicating  that  the  Si/silicide  interface  has  moved  towards  the 
surface.  The  same  behaviour  was  seen  in  a  sample  heated  also  at  900°C  but  only  during  30  min:  in  this  case, 
however,  the  Ti-signal  is  broader  and  much  less  'block-shaped'  and  the  Si-substrate  edge  has  not  moved  that 
far  towards  higher  backscattering  energies.  SEM-micrographs  from  cross-sections  of  the  samples  which 
were  selectively  etched  show  3  layers  on  the  Si-substrate  after  deposition.  The  sample  which  received  a 
900°C,  2h  heat  treatment  on  the  other  hand  reveals  the  TiSi2-layer  directly  under  the  cap-Si02  (fig.  2). 
This  suggests  a  total  transport  of  the  poly-Si  layer  through  the  TiSi2  and  a  solid  phase  epitaxial  regrowth  of 
this  Si  on  the  substrate.  High  resolution  TEM-micrographs  taken  in  the  region  of  the  interface  silicide/Si- 
substrate  revealed  a  perfect  Si- lattice  pattern. 

It  is  also  interesting  to  note  that  on  the  SEM-micrograph  of  fig.  2,  the  TiSi2  is  no  longer  a  continuous  layer, 
which  could  be  expected  after  the  heat  treatment  mentioned:  an  analogous  behaviour  was  in  fact  detected  for 
the  system  where  TiSi2  was  grown  on  a  Si-substrate  (and  capped  with  an  SiC>2-layer)  which  was  subjected 
to  a  high  temperature  for  an  extended  time  [5].  The  Si  from  the  substrate  regrows  epitaxially  in  between  the 
silicide  grains  by  the  mechanism  of  thermal  grooving,  resulting  in  Si-mesas.  In  the  case  proposed  here,  this 
tendency  seems  to  be  enhanced  because  Si  is  supplied  now  from  two  directions  (i.  e.  from  the  substrate  and 
from  the  poly-Si  layer).  On  the  other  hand,  once  a  thermal  groove  has  been  formed  the  transport  of  the  Si 
from  the  poly-Si  layer  towards  the  Si-substrate  proceeds  very  quickly.  This  means  that  both  epitaxial 
regrowth  mechanisms  strengthen  each  other. 

The  role  of  the  dopants  was  investigated  in  the  case  of  B  and  As.  For  As-implanted  poly-Si  and  for  various 
heat  treatments  at  900°C,  the  RBS-spectra  indicate  only  a  small  broadening  of  the  Ti-peak  (fig.  3)  due  to 
increased  TiSi2  roughness  (ball-up),  which  is  considered  to  be  the  precursor  stage  of  SPE-regrowth  of  the 
Si-substrate  in  between  the  TiSi2-grains.  Therefore,  an  attempt  was  made  to  show  that  even  in  this  case, 
there  is  a  transport  of  Si  from  the  poly-Si  layer  into  and  through  the  TiSi2-  Samples  were  prepared  with 
thicker  silicide  layers  (300  nm)  and  a  very  fine-grained  poly-Si  layer  to  a  total  thickness  of  200  nm  was 
grown  on  top  of  them  by  a  furnace  crystallisation  step  during  10  min  at  650°C  of  sputtered  Si.  The  As- 
implantation  was  done  in  the  sputtered  Si  film  to  a  dose  of  2. El  6  cm'2.  The  resulting  RBS-profiles  for  heat 
treatments  at  800°C  and  900°C  during  60  min,  depicted  in  fig.  4,  indicate  that  the  backscattering  yield  of  the 
Ti,  resp.  the  Si  in  the  TiSi2  has  decreased,  resp.  increased  which  points  again  to  an  interaction  between  the 
layers,  though  in  an  early  stage.  It  can  be  concluded  that  there  is  a  dopant-induced  retardation  effect  and  this 
was  supported  also  by  the  results  for  B-doping  of  the  poly-Si.  Figures  5  a  and  b  show  TEM-micrographs  of 
samples  with  B  doping  for  the  poly-Si  layer,  which  were  unheated  or  annealed  at  900°C  for  2  h, 
respectively.  Figure  5  b  shows  that  on  some  places  the  poly-Si  has  regrown  almost  completely  on  the  Si- 
substrate,  whereas  on  other  places  some  Si  is  still  left  on  top  of  the  TiSi2- 

In  the  polycide-system,  no  drastic  interaction  of  the  poly-Si  and  the  silicide  layer  is  expected  due  to  SPE- 
regrowth.  This  is  indeed  observed  for  TiSi2  on  poly-Si,  where  only  a  ball-up  effect  of  the  TiSi2  is  seen  after 
a  900°C,  1h  heat  treatment  (fig.  6).  Nevertheless,  this  could  be  serious  since  it  gives  rise  to  a  silicide  layer 
with  disconnected  grains  and  to  places  where  the  remaining  poly-Si  layer  between  gate-oxide  and  TiSi2- 
grains  is  very  thin.  For  thinner  poly-Si  layers  this  could  even  lead  to  places  where  the  TiSi2  directly 
contacts  the  gate-oxide  resulting  in  low  oxide  breakdown  voltages  and  at  least  flat  band  voltage  shifts. 

However,  in  the  case  of  CoSi2  already  an  800°C  heat  treatment  for  2  h  causes  drastic  effects,  viz.  the  Co 
atoms  are  distributed  over  the  entire  poly-Si  layer  and  no  clear  CoSi2-phase  can  any  longer  be  recognized  in 
the  RBS-profile  of  fig  .7.  A  heat  treatment  at  700°C,  even  during  4  h  did  not  show  any  degradation  of  the 
system  except  for  a  small  roughening  of  the  silicide  layer.  When  the  CoSi2  is  implanted  with  As  (to  a  dose  of 
5. El  5  cm'2),  it  was  seen  that  the  Co  is  still  moving  over  the  poly-Si,  although  the  As  must  have  diffused 
partially  into  the  poly-Si  and  stuffed  the  grain  boundaries  of  both  silicide  and  poly-Si  layers  in  the  first 
stage  of  the  heat  treatment  (the  RBS  profile  for  As-doping  is  also  included  in  fig.  7).  A  900°C,  1  h  heat 
treatment  yields  more  or  less  the  same  result,  which  is  also  the  case  for  B-doping  of  the  silicide.  These 
experiments  indicate  that  the  diffusion  of  dopants  from  a  CoSi2  layer  in  order  to  dope  the  underlying  undoped 
poly-Si  will  not  be  possible  for  MOS-technologies.  Further  experiments  are  being  processed  to  investigate 
the  stability  of  the  silicide  on  predoped  poly-Si  (either  P  solid  source  doping  or  implantation  combined  with 
a  drfve-in  step).  However,  the  first  results  do  not  indicate  a  drastic  improvement,  which  was  again  to  be 
expected  from  the  results  with  As-dlffuslon  from  the  CoSi2- 

Conclusion 

It  is  concluded  that  the  poly-plug  system  with  TiSi2  suffers  from  spatial  instability  due  to  SPE-regrowth 
when  heated  above  800°C  which  causes  the  poly-Si  layer  on  top  of  the  silicide  to  regrow  on  the  substrate  and 
moreover  the  TiSl2  to  bail-up  while  leaving  Si-mesas  in  between  the  grains.  The  dopants  can  only  avoid  to 
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some  extent  this  regrowth:  even  when  large  As-atoms  are  used  to  stuff  the  grain  boundaries  of  the  system  the 
Si-content  in  the  TiSi2  increases  considerably.  This  is  in  good  agreement  with  the  results  from  Murarka  et 
al.  [6]  for  the  case  of  CoSi2  and  in-situ  doped  poly-Si  and  with  the  experiments  of  Lau  and  van  der  Weg  for 
many  other  systems  [7]  .  The  polycide  structure,  subjected  to  a  furnace  heat  treatment,  shows  a  severe 
degradation  both  with  TiSiz  and  CoSi2-  In  the  latter  case,  Co  is  detected  ail  over  the  poly-Si  layer,  though  X- 
Ray  Diffraction  spectra  reveal  that  only  poly-Si  and  CoSi2  phases  are  present  in  the  system.  These  results 
suggest  that  either  CoSi2  migrates  as  a  whole  all  over  the  poly-Si  layer  or  that  CoSi2  breaks  up  during  the 
heat  treatment,  the  metal  diffuses  all  over  the  poly-Si  layer  and  forms  again  CoSi2-grains,  which  is  in 
agreement  with  theories  about  the  main  moving  species  during  silicide  formation  [8],  J9J.  In  the  former  case 
an  extensive  epitaxial  regrowth  of  the  poly-Si  grains  in  between  the  TiSi2  grains  is  observed  resulting  in  a 
poly-Si  layer  which  is  locally  very  thin  under  the  balled-up  silicide.  In  further  experiments,  the  use  of 
rapid  thermal  processing  (RTP)  will  be  investigated  to  avoid  these  poly-Si/silicide  interactions. 
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Fig.  1.  RBS-spectra  of  the  indicated  layer  structure  (inset)  for 
different  furnace  heat  treatments  in  N2.  a.:  Reference  b.:  800°C,  2  h. 
c.:  900°C,  30  min.  d.:  900°C,  2  h. 
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Fig.  2.  Cross-sectional  SEM-mlcrograph  of  the 
layer  structure  of  fig.  1  subjected  to  a  furnace 
heat  treatment  at  900°C  for  2  h  in  N2. 


U1 - 1 - 1 - 1 - 1 — 

320  340  360 


Channel  Number 

Fig.  3.  RBS  spectra  of  the  Ti-peak  in 
samples  with  As-doped  poly-Si  on  TiSi2  on 
Si  (capped  with  100  nm  Si02)  and  treated 
at  900°C  for  30  min  (b),  resp.  2  h  (c).  a 
is  the  reference  sample. 
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A  FULLY  CHARACTERISED  PROCESS  FOR  TITANIUM  SILICIDE  BY  RTA  FOR  ONE  MICRON 
CMOS 


N.F.  STOGDALE 

Plessey  Research  Caswell  Ltd.,  Caswell,  Towcester,  Northants. , 
GB-NN12  8EQ,  Great-Britaln 


Abstract  A  fully  characterised  process  for  self-aligned  titanium  silicide  by  RTA 
is  described.  Factors  influencing  formation;  surface  pre-clean,  time-temperature 
schedules  and  ambient  choice  are  all  discussed.  The  sensitivity  of  the  formation 
process  to  implanted  arsenic  is  also  described  and  a  model  presented  for  this 
effect.  The  technique  is  proven  by  its  inclusion  in  a  one-micron  trench  isolated 
CMOS  process  schedule  and  electrical  results  for  devices  and  circuits  thus  fabri¬ 
cated  are  presented. 


1.  INTRODUCTION 

Self-aligned  titanium  silicide  formed  on  the  gate  and  junction  regions  of  small  geometry 
CMOS  devices  gives  enhanced  device  performance  arising  from  the  reduction  of  parasitic 
series  resistances.  The  use  of  a  Rapid  Thermal  Annealing  (RTA)  system  allows  tight  control 
of  ambient  oxygen  and  greater  process  flexibility  and  control.  A  fully  characterised 
process  for  self-aligned  titanium  silicidation  by  RTA  is  described,  giving  a  silicide  with 
good  surface  quality  and  low,  uniform  sheet  resistivity.  Factors  influencing  surface 
quality;  surface  pre-clean  and  ambient  choice  are  described.  Choice  of  thermal  cycles, 
times  and  temperatures,  for  optimisation  of  the  sheet  resistivity  and  lateral  encroachment 
are  also  discussed.  The  optimum  film  is  analysed  by  SEM,  SIMS  and  AES  for  surface  quality, 
thickness  and  stochiometry.  The  sensitivity  of  the  formation  process  to  implanted  dopant 
is  described  and  a  model  presented  for  the  sensitivity  to  implanted  arsenic. 


2.  FACTORS  INFLUENCING  SILICIDE  FORMATION 

2.1  The  Effect  of  Surface  Pre-treatment 

Silicide  surface  quality  was  found  to  be  critically  dependent  on  surface  pre-clean. 

Several  methods  of  pre-cleaning  were  evaluated:  wet  chemical,  SF6  plasma  flash,  HCL  gas 
clean  and  100:1  HF  based  spray  clean.  Sputter  deposited  titanium  was  used  throughout  and 
an  in-situ  RF  (argon  ion)  sputter  clean  was  also  evaluated.  The  best  silicide  surface 
quality  was  achieved  with  the  100:1  HF  spray  clean,  without  a  pre-deposition  RF  sputter 
clean. 

2.2  The  Effect  of  Ambient  Choice 

The  choice  of  ambient;  argon  or  nitrogen,  was  found  to  have  a  critical  effect  on  silicide 
surface  quality.  Argon  produced  a  poor  quality  'broken'  surface  (sheet  resistivity 
3.3ohm/sq.),  whilst  nitrogen  produced  a  good  surface  quality  (sheet  resistivity  4.5ohm/sq). 
Nitrogen  forms  a  titanium  nitride  capping  layer  which  protects  the  titanium  from  reaction 
with  any  ambient  oxygen.  The  final  silicide  resistivity  is  increased  by  the  consumption  of 
titanium  by  this  competitive  TIN  reaction. 

2.3  RTA  Time-Temperature  Schedules 

RTA  time  and  temperature  schedules  over  the  range  600-1000*0,  10-60  seconds  were  evaluated 
for  optimisation  of  sheet  resistivity  and  lateral  encroachment  (see  figure  1).  The  optimal 
process  was  found  to  be  two-stage  675*C  30  seconds,  followed  by  an  unreacted  titanium  strip 
and  a  second  stage  anneal  1000*0,  10  seconds.  Lateral  encroachment  of  the  silicide  over 
surrounding  oxide  areas  is  inhibited  by  the  use  of  a  two  stage  process,  no  diffusion  path 
exists  at  the  high  temperature  anneal  stage  due  to  the  unreacted  titanium  strip.  An 
initial  thickness  of  500A  titanium  was  used  throughout. 
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3.  ANALYSIS  OF  FILM  PROPERTIES 

Films  were  analysed  for  surface  quality,  sheet  resistivity,  thickness  and  stochiometry  by 
SEM,  4-point  probe,  SIMS  and  AES.  Surface  quality  was  found  to  be  of  good,  even  texture. 
The  optimal  process  gave  a  silicide  with  a  sheet  resistivity  of  4.55ohm/sq  (±-0.5).  Thick¬ 
ness,  determined  from  the  silicon  lattice  transition  in  the  SIMS  profile  (silicide  to 
bulk),  was  found  to  be  680A  (see  figure  2).  The  film  is  found  to  be  pure,  stochiometric 
T1S1 2  (65*  Si,  35*  T1 )  from  AES.  Trace  elements  carbon,  oxgen  and  nitrogen  were  not 
detected  at  the  0.1*  detection  limit. 


4.  FORMATION  SENSITIVITY  TO  IMPLANTED  DOPANT 

The  silicide  exhibited  a  formation  sensitivity  to  implanted  arsenic.  Implant  doses  in  the 
range  5E13cm-2  to  1E16cm-2  were  evaluated,  (implant  energy  50KV).  Silicide  formation  and 
sheet  resistivity  were  seen  to  degrade  with  increasing  arsenic  dose.  Below  dose  lE14cnr2 
the  resistivity  is  a  constant  4.55ohm/sq;  above  this  dose  the  resistivity  increases  to 
45ohm/sq.  at  dose  1  El 6cm-2  (see  figure  3).  No  sensitivity  to  dopants  boron,  boron  fluoride 
and  phosphorus  was  indicated  across  the  same  dose  range  (see  figure  4). 

4.1  Model  for  Sensitivity  to  Implanted  Arsenic 

The  sensitivity  to  implanted  arsenic,  for  the  activation  conditions  used,  is  found  to  be 
dependent  upon  excess  dopant  at  the  silicon  surface.  The  excess  dopant  exists  as  inter¬ 
stitial  or  clustered  arsenic  and  inhibits  silicon  diffusion  across  the  interface.  (The 
silicidation  reaction  is  dominated  by  silicon  diffusion  across  the  silicon/titanium  inter¬ 
face.)  Excess  dopant  concentrations  can  be  calculated  from  the  SUMPREM3  model  by  subtract¬ 
ing  active  from  chemical  concentration  at  the  surface.  The  thermal  cycles  assumed  are  two 
1050°C  21  second  dopant  activation  anneals  in  nitrogen  plus  the  thermal  cycles  associated 
with  the  silicidation.  A  strong  correlation  is  found  between  excess  arsenic  concentration 
and  sheet  resistivity  (see  figure  3).  Excess  dopant  drops  to  zero  at  implanted  dose 
1.3E14cm-3,  below  this  dose  the  sheet  resistivity  is  a  constant  4.55ohm/sq.  Above  this 
critical  dose  the  excess  dopant  concentration  increases  to  3.3E20cnr3  at  dose  lE16cm“2, 
with  a  consequent  sheet  resistivity  of  45ohm/sq.  Sensitivity  to  implanted  arsenic  can, 
hence,  be  controlled  by  adjustment  of  either  the  implant  conditions  or  the  activation 
anneals  to  assure  zero  excess  dopant. 


5.  ELECTRICAL  DATA 

The  optimised  silicide  process  was  fabricated  on  device  structures  on  a  one-micron  trench- 
isolated  CMOS  process  /I / .  Polysilicon  gates  are  fabricated  with  oxide  sidewalls  to  allow 
fabrication  of  self-aligned  sillcided  structures  (see  figure. 5).  A  scanning  electron 
micrograph  of  a  fully  sillcided  trench  isolated  CMOS  transistor  is  shown  in  figure  7.  The 
devices  have  good  electrical  performance,  electrical  parameters  are  shown  in  table  1.  This 
technique  has  been  used  to  fabricate  working  circuitry,  in  particular  unloaded  inverter 
ring  oscillators  with  stage  delays  of  120ps. 


6.  CONCLUSION 

A  process  for  self  aligned  titanium  silicide  by  RTA  has  been  described.  The  silicide  has 
good  surface  quality  and  is  of  low,  uniform  sheet  resistivity.  Sensitivity  to  implanted 
arsenic  has  been  discussed  and  implant  dose  and  activation  conditions  found  to  be  criti¬ 
cally  important  by  its  inclusion  in  a  one-micron  trench-isolated  CMOS  process  schedule 
which  has  fabricated  working  devices  and  circuits. 
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Sheet  Resistivity  Vs  Temperature 
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Figure  1:  Sheet  resistivity  vs.  RTA  Time  and  Temperature. 


Figure  2:  SIMS  Profile  showing 
lattice  transition. 


Figure  3:  Sheet  resistivity  sensitivity 
to  arsenic  dose. 
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Figure  4:  Sheet  resistivity  sensitivity 
to  phosphorus  or  boron  dose. 
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Device  structure 


Sllfcide  on  gate  and  junctions 
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Figure  5:  The  Self-Aligned  Silicide  Process. 


Figure  6:  SEM  micrograph  of  trench  isolated  CMOS  transistor 

showing  Self-Aligned  Silicide. 
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Table  1:  Electrical  data  for  silicided  transistors. 
(W=20  urn,  L=1um) 
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Abstract -  L’lnvestlgation  tralte  de  la  relation  entre  bruit  g-r  et  la  dispersion  de  frequence  de  I’lmptdance 
de  sortie  GaAs  MESFET.  On  a  employ*  use  nouvelle  technique  pour  I'ldentiflcatlon  des  nlveaux  pro- 
foods  qul  sont  respo usable*  du  bruit  et  de  la  dispersion.  La  dtpendance  du  blab  de  la  dispersion  Ait 
tgalement  Invest Igute  et  un  module  constant  aux  simulations  en  deux  dimensions  ext  present*. 

The  Interrelation  between  g-r  noise  and  output  Impedance  frequency  dispersion  In  GaAs  MESFET’s  has 
been  investigated.  A  new  technique  to  identify  the  deep  levels  responsible  for  the  dispersion  b  used.  It  b 
found  that  same  traps  are  responsible  for  both  nobe  and  dispersion.  The  bias  dependence  of  the  disper¬ 
sion  was  also  Investigated  and  a  model  b  presented  which  b  consistent  with  2-D  simulations. 

1.  Introduction 

Low  frequency  anomalies  in  GaAs  mesfets  such  as  frequency  dispersion  in  output  conductance  and  transconduc¬ 
tance,  low  frequency  noise  and  backgating,  have  received  considerable  attention  recently.  Our  experimental 
measurements  are  intended  to  clarify  the  origin  and  interrelation  of  these  phenomena.  This  paper  describes  the 
results  of  experiments  to  relate  the  output  impedance  frequency  dispersion  and  the  low  frequency  noise  in  GaAs 
MESFET's.  A  new  technique  is  used  to  identify  the  deep  level  responsible  for  output  impedance  dispersion. 
This  technique  consists  of  monitoring  the  phase  of  the  output  impedance  vs  frequency  at  various  temperatures. 
We  have  also  found  that  this  same  trap  gives  rise  to  g-r  noise  also. 

2.  Experiment 

Depletion  MESFET  arrays,  fabricated  with  a  recessed  gate  structure  on  LEC  grown  substrates,  and  with  nitride 
passivation  were  used  in  the  experiments.  Access  regions  between  the  gate  and  source/drain  electrodes  were 
lpm  long.  The  pinchoff  voltage  was  -1.3  V. 

The  noise  measurement  was  done  by  using  a  trans-impedance  amplifier  as  described  elsewhere.1  The  output 
impedance  was  obtained  by  using  a  lock-in  amplifier  to  measure  the  differential  voltage  across  a  30  ohm  resistor 
in  series  with  the  drain,  as  well  as  die  drain  voltage.  Both  the  in-phase  and  quadrature  component  were  meas¬ 
ured  as  a  function  of  frequency,  temperature  and  different  bias  conditions. 

3.  Results 

The  phase  of  the  output  impedance  was  plotted  as  a  function  of  frequency  under  various  bias  conditions  as 
shown  in  Fig.  1.  The  frequency  at  which  the  minimum  in  the  phase  occurs,  corresponds  to  the  inverse  of  the 
nap  time  constant,  x  and  is  found  to  increase  with  temperature.  G-r  noise  measurements  were  also  carried  out  at 
several  temperatures.  The  output  noise  power  multiplied  by  frequency  was  plotted  as  a  function  of  frequency 
(Fig  2).2  The  peak  in  this  plot  occurs  at  the  same  frequency  as  that  corresponding  to  the  minimum  of  the  phase 
suggesting  a  common  origin  between  the  output  impedance  dispersion  and  the  low  frequency  noise  as  illustrated 
in  Fig  3  for  the  measurements  at  89C.  This  leads  to  the  conclusion  that  the  dispersion  is  not  surface  state  gen¬ 
erated3  since  it  is  generally  accepted  that  g-r  noise  is  generated  by  bulk  traps.4 

An  Arrhenius  plot  of  t  yields  an  activation  energy  of  0.73  eV  (Fig  3).  which  is  comparable  to  the  energy 
of  the  election  trap  EL2  (£,>.823  eV).  The  temperature  gradient  between  the  substrate  and  the  actual  device 
was  taken  into  account  following  Hughes  et.  aL2  Without  any  temperature  correction  an  activation  energy  of 
0.68  eV  would  have  been  obtained.  The  method  employed  here  to  identify  the  traps  causing  the  x*  dispersion 
has  an  advantage  over  the  commonly  used  conductance  DLTS  method.5  Only  the  traps  involved  in  the  a.c. 
phenomena  are  excited,  whereas  the  DLTS  involves  also  other  traps  associated  with  the  surface  and  depletion 
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region.  We  have  also  studied  the  frequency  dispersion  in  devices  with  different  channel  lengths  at  various  bias 
voltages.  The  results  show  that  the  dispersion  increases  as  the  channel  length  is  reduced  and  the  drain  bias  is 
increased.  The  dispersion  is  larger  at  V„  -  0,  and  is  always  negligibly  small  in  the  linear  region  of  operation. 

4.  Discussion 

A  question  arises  whether  temperature  gradient  alone  can  explain  the  bias  dependence  of  the  output  conductance 
dispersion  in  analogy  with  the  bias  dependence  of  g-r  noise  as  explained  in  Hughes  et  aL2  Our  data  indicates 
that  this  is  not  the  case.  By  looking  at  the  phase  vs  frequency  at  different  bias  voltages,  we  see  that  the 
minimum  of  the  phase  is  reduced  strongly  by  increasing  V4  (Fig  4).  On  the  other  hand  the  frequency  at  which 
the  minimum  in  phase  occurs  is  seen  to  shift  with  temperature  without  any  appreciable  change  in  the  minimum 
value.  Thus,  our  results  indicate  that  the  output  impedance  is  controlled  by  the  electric  field. 

We  can  summarize  the  behavior  of  the  device  as  follows.  At  V(%  close  to  the  threshold  voltage,  the 
current  saturates  due  to  a  true  pinchoff  of  the  conducting  channel  at  the  drain  end.  At  Vos  -  0,  however,  the 
current  limiting  occurs  due  to  velocity  saturation,  and  an  electrostatic  dipole  region  forms  close  to  the  drain.6 
This  modifies  the  flow  of  carriers  by  forcing  them  into  the  substrate.7  as  We  have  verified  this  by  2-D  PISCES 
simulations  (Fig  6).  Carriers  surmount  the  relatively  shallow  potential  barrier  (<  0.7 V),  and  penetrate  deeply  into 
the  SI  substrate  where  traps  are  encountered.  At  low  frequencies,  a  fraction  of  the  carriers  is  captured  and  emit¬ 
ted  by  traps  in  step  with  changes  in  Vaj,  leading  to  a  large  z*  because  only  untrapped  carriers  appear  at  the 
drain,  and  the  trapped  carriers  tend  to  reduce  the  channel  thickness;  whereas  at  high  frequencies,  the  time  con¬ 
stants  of  the  traps  are  too  long  for  this  to  occur,  and  the  current  flows  as  if  it  were  in  a  trap-free  material, 
decreasing  z*.  The  amount  of  dispersion  depends  on  the  fraction  of  total  carriers  that  are  trapped.  Increasing 
VDS  causes  a  larger  voltage  drop  across  the  dipole,  thereby  strengthening  it  and  causing  more  carriers  to  be 
deflected  into  the  substrate;  the  amount  of  dispersion  increases  accordingly. 

5.  Conclusion 

We  have  used  a  new  method  to  measure  the  deep  level  responsible  for  z*  frequency  dispersion  in  GaAs 
MESFET’s.  This  method  uniquely  identifies  the  origin  of  this  phenomena.  The  results  show  that  the  same  traps 
cause  dispersion  in  output  conductance  and  give  rise  to  low  frequency  noise  in  these  devices. 

Our  results  indicate  that  the  high  electric  fields  that  exist  in  modem  MESFET’s  are  responsible  for  the  output 
impedance  frequency  dispersion.  This  result  is  consistent  with  the  saturation  mechanism  that  has  been  previ¬ 
ously  proposed.7  Our  experimental  data  are  also  consistent  with  the  experimental  observations  that  a  p-type 
implant  under  the  channel  eliminates  dispersion  and  reduces  noise,  by  increasing  the  barrier  experienced  by  car¬ 
riers  deflected  towards  the  substrate.*  At  shorter  channel  lengths,  however,  the  dipole  gets  stronger.  Unless  the 
operating  voltages  are  also  scaled  down,  such  an  implant  may  be  unable  to  restrain  carriers,  and  these  low  fre¬ 
quency  parasitic  phenomena,  along  with  an  undesirable  bipolar  action  in  the  p-layer9  will,  appear. 
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Abstract: 

The  preparation  and  performance  of  self-aligned  single-  and  dual-gate  InGaAs  JFETs  is  discussed. 
Single-gate  InGaAs  JFETs  exhibit  maximum  extrinsic  transconductance  of  350,  275  and  140 
mS/mm  at  a  gate  length  of  0.5,  1.5  and  3.5  pm,  respectively.  High  overall  potential  barriers  at  the 
channel  substrate  heterointerface  are  necessary  for  control  of  threshold  voltage  uniformity  over  a 
wide  range  of  gate  lengths.  For  the  first  time  device  behaviour  of  self-aligned  dual-gate  InGaAs 
JFET  is  demonstrated. 


1,  Introduction 

The  compatibility  with  optoelectronic  devices  in  longwavelength  optical  communication  systems, 
the  high  electron  mobility  and  velocity  makes  InGaAs  lattice  matched  to  InP  attractive  for 
microwave  devices  and  amplifiers  in  OEICs.  In  the  case  of  InGaAs  FETs  the  low  Schottky  barrier 
of  n-InGaAs  / 1  /  prevents  the  fabrication  of  MESFETs.  To  overcome  this  problem  high  band  gap 
materials  such  as  GaAs  /2,3/,  inP  /4/  or  InAlAs  /5/  were  grown  on  top  of  the  channel  or  InGaAs 
MISFETs  were  realized  /6/.  The  best  way  to  realize  InGaAs  FETs  seems  to  be  the  JFET.  This  is 
due  to  the  high  potential  barrier  of  the  pn-junction  which  is  solely  determined  by  bulk  properties. 
The  pn-junction  can  be  implanted  /7,8/,  diffused  /9.1 1/  or  grown  by  epitaxy  /12-14/.  State  of  the 
art  are  submicron  high  speed  InGaAs-JFETs  with  self-aligned  structures,  which  reduce  parasitic 
resistance,  noise  and  the  mask-alignment  effort.  They  achieve  cut-off  frequencies  above  30  GHz  at 
a  gate  length  of  1.2  pm  /I5/  and  above  70  GHz  at  a  gate  length  of  0.5  pm  / 1 4/,  extrinsic 
transconductances  of  330  mS/mm  for  normally  on  / 1 1  /  and  550  mS/mm  for  normally-off  devices 
/ 10/.  In  this  work  the  fabrication  and  device  performance  of  mesa  type  self-aligned  single-  and 
dual-gate  InGaAs  JFET  with  diffused  gates  is  discussed. 

2.  Sample  Preparation 

All  layers  were  grown  by  LPE.  The  growth  started  with  a  Zn  doped  p-InP  buffer  layer  (p< 1 017 
cm"3,  *0,4  um)  on  s.i.  lnP:Fe  substrate  (Sumitomo).  It  is  followed  by  the  n-InGaAs  channel  layer 
(I'lO17  cm"  ,  0.40  pn).  This  layer  is  lattice  matched  at  growth  temperature  to  the  InP  buffer  layer. 
The  p+-InGaAs  layer  is  diffused  from  Zn  doped  spin-on  film  sources  into  the  n-InGaAs.  The  pn- 
junction  is  diffused  because  thermal  degradation  effects  during  the  fabrication  process  are  lower  as 
compared  to  ion-implanted  and  annealed  or  epitaxially  grown  layers  /9/.  The  doped  emulsions  are 
spun  on  and  dryed  in  air  at  about  100  °C  for  30  min.  During  the  open  tube  diffusion  the  samples 
are  covered  with  a  quartz  plate  to  prevent  thermal  degradation  effects  at  the  surface  of  the  sample. 
There  is  no  mechanical  damage  due  to  the  covering  of  the  sample  during  the  diffusion  process. 
The  sample  is  diffused  at  535  °C  within  lOmin.  Hole  concentrations  well  above  1019  cm"3  can  be 
reached  /9/.  The  junction  depth  is  controlled  by  the  diffusion  time  and  obeyes  a  v/t  law. 

For  the  T-shaped  gate  Al  is  evaporated  onto  the  whole  sample  (200nm).  It  is  followed  by  a 
photolithography  step  and  a  second  metallization  (5nm  Cr,  lOOnm  Au).  After  lift-off  the  gate  is 
defined  by  the  CrAu  patterns.  The  Al  is  selectively  etched  with  a  phosphoric  acid  (HjP04  : 
CHjCOOH)  using  the  CrAu  cap  layer  as  an  etch  mask.  The  T-shaped  gate  is  completed  by  etching 
the  p+-mesa.  The  source  and  drain  metal  is  directly  evaporated  onto  the  undercut  structure  and 
thus  ensures  the  self-alignment.  It  is  followed  by  an  additional  bond  pad  metallization.  The 
fabrication  process  is  finished  by  etching  the  n-mesa. 
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3.  Experimental  Results 

After  gate  formation  a  Hall-mobility  of  7300  cm2/Vs  was  measured  on  an  ungated  Hall-bar.  From 
magneto-transconductance  measurements  /16/  maximum  drift  mobilities  between  5500  and  6500 
cm2/ Vs  were  deduced.  These  values  agree  well  with  numerical  Hall-factor  calculations  for  InGaAs 
bulk  material  with  a  background  carrier  concentration  of  about  1'1017  cm'*  /  1 7, 18/.  Therefore  it  is 
concluded  that  the  FET  formation  process  does  not  degrade  transport  characteristics  of  the  active 
InGaAs  channel  layer. 

Fig.  1  displays  DC-characteristics  of  InGaAs  single-gate  JFETs.  Due  to  the  T-shaped  gate  the  gate 
lengths  are  3.5,  1.5  and  0.5  pm.  As  it  is  expected  /9/  the  transconductance  increases  with 
decreasing  the  gate  lengths.  The  maximum  extrinsic  transconductance  comes  up  to  140,  275  and 
350  mS/mm  at  a  gate  length  of  3.5,  1.5  and  0.5  pm,  respectively.  These  are  the  highest  values  ever 
reported  for  normaily-on  InGaAs-JFETs  in  the  submicron  and  micron  gate  regime. 

With  decreasing  gate  length  short-channel  effects  appear;  i.e.  the  saturation  and  pinch-off 
behaviour  become  worse.  The  threshold  voltage  shifts  from  -IV  to  -1,6V  with  decreasing  gate 
length.  This  is  about  the  order  which  was  predicted  in  /1 9/  by  numerical  simulations  of  InGaAs- 
FETs.  In  contrast  to  these  results  InGaAs-FETs  with  highly  doped  (PINP  >  1'1017  cm"*)  and  thick 
(0.8  pm)  p-InP  buffer  layers  exhibit  no  threshold  voltage  shifts  in  the  submicron  gate  regime  /II/. 
InGaAs-FETs  without  buffer  layer  typically  display  tremendous  short  channel  effects  with 
decreasing  gate  length  /6,9, 13, 18,20/.  If  a  p-InP  buffer  layer  is  used  it  is  assumed  that  the  lack  of 
short-channel  effects  is  due  to  a  better  carrier  confinement  in  the  channel.  The  reason  is  a  higher 
overall  potential  barrier  at  the  channel-substrate  heterointerface  which  is  solely  determined  by  the 
carrier  concentration  in  the  active  region  of  the  FET  and  the  p-InP  buffer  layer.  The  high 
potential  barrier  suppresses  carrier  transfer  from  the  channel  into  the  substrate  which  may  lead  to 
the  aforementioned  short-channel  effects  /21.22/.  FETs  without  a  buffer  layer  -  the  channel  is 
directly  grown  on  the  s.i.  InP  substrate  -  exhibit  a  channel-substrate  potential  barrier  which  is 
determined  by  the  conduction  band  offset  only  (AEc  »  0.22eV  /23/).  This  is  indicated  by  an 
accumulation  layer  in  the  InGaAs  at  the  heterointerface  /6,24/.  In  contrast  to  this  accumulation 
layer  a  depletion  region  arises  with  increasing  the  distance  between  the  Fermi-level  and  the 
conduction  band  edge  in  the  InP;  i.e.  with  doping  the  InP  by  acceptors.  In  the  case  of  a  small 
potential  barrier  at  the  channel-substrate  heterointerface  an  electron  transfer  from  the  channel  into 
the  substrate  is  probable  especially  at  higher  electron  velocities.  Therefore  short  channel  effects 
occure  with  decreasing  the  gate  length.  As  a  result  potential  barrier  tuning  at  the  channel-substrate 
heterointerface  is  necessary  for  the  control  of  output  characteristic  at  a  certain  gate  length. 

Fig.  2  displays  device  characteristics  of  self -aligned  InGaAs  dual-gate  FETs.  The  device  consists  of 
two  gate  electrodes  (LG-1.5  pm)  which  allow  a  separate  gain  control  by  the  second  gate.  The 
spacing  between  the  two  gates  consists  of  a  4  pm  wide  floating  metal  layer.  Fig.  2  clearly 
demonstrates  the  device  behaviour.  Biasing  the  second  gate  towards  negative  voltages  strongly 
reduces  the  transconductance  of  the  device.  Such  a  dual-gate  FET  will  find  application  in  InP 
based  high  frequency  mixers  and  oscillators. 

In  conclusion  self-aligned  single-  and  dual-gate  InGaAs-JFET  were  fabricated  on  LPE  layers. 
Single-gate  InGaAs-JFET  exhibit  maximum  extrinsic  transconductances  of  350,  275  and  140 
mS/mm  at  a  gate  length  of  0.5,  1.5  and  3.5  pm,  respectively.  For  a  better  control  of  threshold 
voltage  homogenity  with  decreasing  gate  length  a  high  overall  potential  barrier  at  the  channel- 
substrate  heterointerface  is  necessary.  For  the  first  time  device  behaviour  of  self-aligned  dual-gate 
InGaAs-JFET  is  demonstrated. 
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DEPLETION  AND  ENHANCEMENT  MODE  Si3N4 /GalnAs  MISFETs  WITH  NO  CURRENT  DRIFT 

M,  RENAUD,  P.  BOHER,  J.  SCHNEIDER,  J.  BARRIER,  D.  SCHMITZ*,  M.  HEYEN* 
and  H.  jtiRCENSEN* 
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RESUME:  Dcs  transistors  MISFETs  a  canal  N,  fonctionnant  cn  mode  desertion  et 

enrich issement  et  ne  presentant  aucune  derive  du  courant  drain  source  ont  ete  fabriques  sur  des 
couches  epitaxiales  de  Ga^ln^^As  obtenucs  par  la  methode  MOVPE  a  pression  reduite.  Ces 
dispositifs  utilisent  un  procede  de  passivation  qui  inclut  un  retrait  de  l'oxyde  natif  de  la  surface 
de  GalnAs  suivi  par  un  depot  de  Si}Nt,  les  deux  etapes  ctant  realisees  en  plasmas  multipolaires. 
Les  transistors  MISFETs  fonctionnant  en  mode  desertion  et  enrichissemcnt  (  Lt  =  2  ijm, 
W  =  200  fim  )  ont  une  transconductance  de  140  et  150  mS/mm,  respectivement.  Aucune  derive 
du  courant  drain  source  n'apparalt  en  10s  s  pour  les  deux  types  de  dispositifs  grace  a  ce  procede 
de  passivation  et  en  particulier  a  T  absence  d'  oxyde  a  T  interface. 


ABSTRACT:  N-channel  depletion  and  enhancement  mode  MISFETs  with  no  drain  current  drift 
have  been  fabricated  on  Ga^^ln^^As  epitaxial  structures  grown  by  low  pressure  MOVPE.  These 
devices  use  a  passivation  process  which  includes  removal  of  native  oxide  from  GalnAs  surface 
followed  by  a  Si3/V4  film  deposition,  both  steps  performed  using  multipolar  plasmas.  Depletion 
and  enhancement  mode  MISFETs  (  Lt  =  2 pm,  W « 200/im  )  exhibit  an  extrinsic 
transconductance  of  140  and  150  mS/mm,  respectively.  No  drain  current  drift  is  observed  in 
105  r  for  both  types  of  devices  due  to  the  efficiency  of  the  passivation  process  and  especially  to 
the  absence  of  oxide  at  the  interface. 


I.  INTRODUCTION 

Interest  in  Ga^^In^^As  alloy  lattice  matched  to  InP  has  been  stimulated  by  its  applications  for 
both  long  wavelength  optoelectronics  and  high  speed  field  effect  transistors  (FETs).  Its  excellent  electronic 
properties  ( /r„(300 K)  ~  12000  rm2y's  ■,  v,  >  2.5  x  I07  cm  Is  and  A£rt  =  0.55  eV )  provide  the  opportu¬ 
nity  to  make  FETs  with  high  performances  /I/.  Due  to  the  low  Schottky  barrier  height  of  metals  on 
n-GalnAs  (  ~  0.2  eV),  a  metal/semiconductor  FET  technology  is  not  viable.  So,  GalnAs  cF.Ts  with 
various  alternative  gate  configurations  such  as  Junction  FETs  (  JFETs)  /2,3/,  Metal  Insulator  Semicon¬ 
ductor  FETs  (  MISFETs)  /4,5/ ,  Hctcrojunctions  FET  (  HFETs)  /6/  and  Modulation  Doped  FETs 
(  MODFETs)  /7,8/  arc  now  investigated. 

The  MISFET  structure  is  very  attractive  but  its  development  has  been  hampered  until  now  by 
the  difficulty  to  reproducibly  achieve  a  good  insulator/GalnAs  interface.  So,  the  key  issue  to  develop  a 
viable  GalnAs  MISFET  technology  is  the  control  of  the  insulator/semiconductor  interface.  Nethcrtheless, 
demonstration  of  operating  ring  oscillators  using  inversion  mode  GalnAs  MISFETs  has  already  been 
done  by  P.D.  Gardner  et  al  19/  and  propagation  delay  as  low  as  50  ps  was  measured  in  a  nine  stage  ring 
oscillator. 

In  this  paper,  we  describe  the  technological  process  used  to  fabricate  depletion  and  enhance¬ 
ment  mode  n-channel  MISFETs.  The  passivation  scheme  includes  removal  of  native  oxide  from  GalnAs 
surface  and  deposition  of  a  Sij/V4  film,  both  steps  performed  in  multipolar  plasmas  in  a  ultra  high  vacuum 
system.  The  major  problem  encountered  on  InP  and  GalnAs  MISFETs  relies  on  the  long  term  stability 
of  drain  current.  It  will  be  shown  that  this  passivation  process  is  very  efficient  and  particularly,  due  to  the 
absence  of  oxide  at  the  St3A4  /  GalnAs  interface,  highly  stable  devices  are  achieved.  The  drain  current 
drift  is  shown  to  be  less  than  5  %  over  lO'.r. 
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//.  MATERIAL 

Epitaxial  layers  have  been  grown  by  low  pressure  Metal  Organic  Vapour  Phase  Epitaxy 
(MOVPE)  in  a  horizontal  reactor,  capable  of  handling  two  2"  wafers  in  one  run  / 1 0/.  The  epitaxial 
structures  are  grown  on  iron  doped  semi-insulating  InP  substrates  and  consists  of  a  nominally  undoped 
InP  buffer  layer  (  d,^,  =  0.2  nm)  and  two  n-doped  GalnAs  layers.  Intentional  n  doping  is  obtained  with 
S(7/4.The  active  GalnAs  layer,  doped  to  N„  ~  I0n  cm  3  ( nmK  ~  6000  cm2V 's  1 )  is  about  0.1  urn  and 
0.05  nm  thick  for  depletion  and  enhancement  mode  MISFETs,  respectively.  The  top  contact  layer,  doped 
to  Nd  ~  2  x  1 0,8c/w-3  is  0.1  fim  thick  (see  also  figure  I). 


111.  TECHNOLOGICAL  PROCESS 
III. A.  Passivation  scheme 

Due  to  specific  problems  related  to  the  II I- V  compounds  surfaces  such  as  their  propension  to 
loose  their  stoichiometry  under  high  temperature  or  bombardment  and  also  to  their  reaction  with  their 
native  oxides  /1 1/,  a  few  conditions  have  to  be  satisfied  to  obtain  a  good  insulator/III-V  compound  inter¬ 
face.  Main  requirements  are  a  low  temperature  process  with  no  energetic  particles  applied  on  a  "stable" 
surface.  The  latter  condition  can  be  fulfilled  either  by  achieving  a  stable  oxide,  this  method  is  recom¬ 
mended  by  G.  Hollinger  et  al  /1 2/  on  InP  or  by  removing  the  native  oxide  at  the  semiconductor  surface, 
that  is  our  purpose  on  GalnAs.  Moreover,  we  have  shown  in  the  past  that  the  "native  oxide"  is  the  main 
contribution  to  drain  current  drift  of  MISFETs  /1 3/. 

Removal  of  native  oxide  is  achieved  by  a  hydrogen  multipolar  plasma.  This  cleaning  step  is 
done  in  a  ultra  high  vacuum  system  and  in-situ  monitored  by  kinetic  and  spectroscopic  ellipsomctry 
/I4,15/.  Then,  the  sample  is  transferred  in  the  deposition  chamber  where  a  St\Nt  film  is  deposited  using 
a  multipolar  plasma  of  Si7/4  and  /V2  at  room  temperature. 

A  detailed  analysis  of  structural  and  electrical  properties  of  these  Sf}/V4  films  has  been  reported 
in  reference  16.  Using  optimized  deposition  conditions,  the  I  MHz  dielectric  constant  is  6.8,  the  break¬ 
down  voltage  is  ~  4  x  10s  V/cm  and  the  resistivity  at  a  field  strength  of  1  MV/cm  is  ~  2  x  10l4Q.rm. 
Besides  the  oxygen  content  of  the  film  is  <  5%. 

This  Si3/V4  /  GalnAs  interface,  characterized  with  MIS  structures,  presents  a  low  interface 
states  density,  in  the  range  of  3  to  5  x  10"  cm  2eV  1  over  0.4  eV  of  the  band  gap  / 1 4 /  when  annealed  at 
400  °C  during  one  hour  before  Ti/Au  metallization  and  for  15  min  after  the  metal  deposition. 


1 1  LB.  Device  fabrication 

A  schematic  view  of  the  MISFET  structure  is  reported  on  figure  1.  The  main  difference  be¬ 
tween  the  technologies  for  depletion  and  enhancement  mode  MISFETs  lies  in  the  thickness  of  the  active 
GalnAs  channel. 


DRAM  VOLTAQE  (V) 


Figure  I:  Schematic  structure  of  described  MISFETs.  Figure  2:  I(V)  curve  of  a  D-MISFET. 


C4-211 


Device  processing  begins  with  the  isolation  of  the  active  regions  by  wet  chemical  etching  of  n* 
and  n  GainAs  layers  and  InP  buffer  layer.  Then,  the  channel  is  defined  and  the  n+  GalnAs  layer  is 
chemically  etched.  Immediately  after  this,  the  sample  is  introduced  into  the  UHV  system  where  the  native 
oxide  is  removed  and  SiiNi  is  deposited  at  room  temperature.  After  annealing  at  400°C  during  one  hour, 
Ti/Au  gate  metallization  is  evaporated  and  defined  by  lift-off.  Windows  are  opened  in  the  dielectric  film 
by  reactive  ion  etching  to  define  source  and  drain  regions.  Finally,  ohmic  contacts  are  formed  by 
Ni/AuGe/Ni  followed  by  an  alloying. 


IV.  DEVICE  CHARACTERISTICS 
IV. A.  I(V)  characteristics 

Typical  values  of  transconductance  of  D-MISFETs  with  a  420  A  thick  Si}N+  and  with  200  ym 
gate  width  are  80,  115  and  140  m S/mm  for  8,  4  and  2  ym  gate  lengths,  respectively.  Figure  2  shows  the 
I(V)  characteristics  of  a  device  with  4  ym  gate  length.  Using  a  curve  tracer,  the  hysteresis  is  small,  indi¬ 
cating  a  low  density  of  slow  states  but  no  pinch  off  is  achieved. 

E-MISFETs  (  Lt  =  2  ym,  W  =  200  ym)  exhibit  a  transconductance  of  150  mS/mm.  Transfer 
characteristics  represented  on  figure  3  also  shows  no  pinch  off.  This  behaviour  on  both  types  of  devices 
is  suspected  to  be  due  to  parallel  conduction  under  the  channel.  Change  of  thickness  as  well  as  doping 
type  of  the  buffer  layer  is  assumed  to  improve  the  pinch  off  behaviour.  From  the  transfer  characteristic 
at  low  VDS,  the  effective  mobility  of  electrons  in  the  channel  has  been  estimated  to  4800  cm1V-'s~'. 


TIME  (•) 


Figure  3:  Transfer  characteristics  of  an  E-M1SFET.  Figure  4:  Drain  current  drift  versus  time. 


IV.B.  Stability  measurements 

In  both  cases  of  Depletion  and  Enhancement  mode  MISFETs,  there  is  no  drain  current  drift 
at  all  when  operating  at  low  Vns  and  after  a  voltage  step  on  the  gate.  When  biased  in  the  saturation  re¬ 
gion  (  Fds=  3.0  V  -  figure  4  ),  only  a  slight  drift  of  drain  current  occurs  (  <  5%  in  10s  s)  which  could 
be  due  to  hot  electron  injection  in  the  insulator.  These  devices  are  remarkably  stable  compared  to 
MISFETs  usually  reported  in  litterature  for  which  the  order  of  magnitude  of  the  drain  current  drift  is 
~  20%. 


V.  CONCLUSION 

In  summary,  it  has  been  shown  that  a  Si3/V«  film  on  a  perfectly  cleaned  surface  produces  an 
efficient  passivation  of  GalnAs.  E  and  D-MISFETs  exhibit  an  extrinsic  transconductance  of  140  and  150 
mS/mm,  respectively.  Moreover,  completely  stable  devices  arc  obtained  due  to  the  absence  of  native  oxide 
at  the  insulator/GalnAs  interface.  Same  technology  on  devices  with  smaller  gate  lengths  is  expected  to 
produce  stable  devices  with  higher  performances. 
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IN  SITU  PROCESSING  OF  InP  BY  FLASH  LPCVD  FOR  SURFACE  PREPARATION  AND  GATE 
OXIDE  DEPOSITION 


Y.I.  NISSIM,  C.  LICOPPE,  J.M.  MOISON  and  C.  MERIADEC 

CNET,  Laboratoire  de  Bagneux,  196,  Rv.  H.  Ravera,  F-92220  Bagneux, 

France 

Rgsune  -  Des  films  de  silice  sont  rgalisls  dans  un  rlacteur  CVD  opSrant  a  basse  pres- 
4T6KT~ refroidi  par  air  et  eau  et  command^  par  chauffage  optique  rapide.  Des  vitesses 
de  d£pot  allant  jusqu'3  100  A/sec  sont  obtenues  sous  un  flash  thermique  de  700*C.  Ces 
depots  sont  effectuls  sur  Inp  sans  que  sa  surface  soit  endommagSe.  Les  stuctures 
InP/S102  ainsi  form€es  ont  d'excellentes  propriltSs  Slectriques  adaptSes  aux  exigences 
du  MISFIT.  L' amelioration  des  propriltSs  d' interface  de  cette  structure  est  obtenue 
par  exposition  de  la  surface  d'Inp  au  silane  avant  le  dfipot  d'oxide.  une  §tude  de 
surface  indique  que  le  silane  r€duit  les  oxydes  natifs  d'InP. 


Abstract  -  Silicon  dioxide  films  deposited  on  InP  substrates  are  obtained  in  a  reduced 
pressi  »-e,  air  and  water  cooled  CVD  reactor,  with  a  rapid  thermal  heating.  It  is  shown 
that  a  700*C  temperature  flash  results  in  S10,  deposition  rates  close  to  100  A/sec. 
High  temperature  deposition  (700*0  is  thus  obtained  in  few  seconds  on  InP  substrates 
without  any  surface  damage.  These  layers  display  excellent  electrical  properties  well 
suited  for  MISFET  applications.  Improvement  of  the  interface  properties  of  this 
structure  is  obtained  by  flowing  silane  on  the  InP  substrate  prior  to  oxide  deposi¬ 
tion.  interface  studies  show  that  silane  reduces  the  InP  native  oxides. 


1  -  INTRODUCTION 

Passivation  of  InP  has  generated  a  lot  of  efforts  for  MIS  applications.  Since  native  oxides 
of  InP  exhibits  electrical  properties  with  are  not  suitable  for  gate  dielectrics,  there  is  a 
need  to  develop  appropriate  deposited  Insulators.  The  techniques  proposed  that  can  be 
sustained  by  an  InP  substrate  are  direct  or  indirect  plasma  /l,2/,  low  temperature  pyrolitic 
CVD  131  and  photolytic  CVD  /4/.  However  in  all  cases,  there  is  room  for  improvements  in 
interface  properties  and  bulk  Si02  structures.  When  the  thermal  exposure  of  an  Inp  substrate 
is  reduced  to  a  few  seconds,  the^maximum  temperature  allowed  before  surface  degradation  can 
be  considerably  Increased.  In  this  work,  the  possibility  of  combining  a  conventional  hori¬ 
zontal  CVD  reactor  with  a  rapid  thermal  heatir.g  system  using  tungsten  halogen  lamps  as  a 
source  of  radiant  heat  was  explored  for  InP  processing.  This  flash  CVD  technique  named  also 
LRP  after  the  work  of  ref.  /5/  allows  precise  control  of  thermally  driven  surface  reactions. 
In  this  case  the  substrate  temperature  rather  than  the  flux  of  reactive  gas,  is  used  as  a 
switch  to  turn  the  CVD  reaction  on  and  off.  The  thermal  exposure  of  the  substrate  is  thus 
minimized.  This  technique  is  a  unique  opportunity  for  III-V  material  to  have  access  to  high 
temperature  processes  such  as  CVD  or  LPCVD  /6/.  Deposition  of  Si02  was  performed  on  InP  at 
70o*C.  Following  an  in-situ  cleaning  of  the  InP  surface  under  a  S1H4  flow. 

2  -  EXPERIMENTAL 

A  flash  CVD  reactor  was  designed,  it  consists  of  an  horizontal  quartz  chamber  mounted  above  a 
row  of  halogen  lamps.  The  reactor  walls  are  constantly  air  and  water  cooled  to  Insure  fast 
temperature  cycling  on  the  substrate,  and  avoid  undesirable  contamination.  The  possibility  to 
deposit  S10,  on  Inp  at  temperatures  above  600*C  was  explored.  The  reactant  gase  utilized  are 
silane  and  oxygen  diluted  in  flowing  nitrogen.  The  total  pressure  of  the  system  is  kept 
constant  at  5  Torr. 

A  full  description  of  the  deposition  regimes,  and  of  the  kinetics  of  the  reaction  obtained  on 
silicon  substrates  are  described  in  ref.  /7/.  On  Inp  substrates  S10,  films  are  obtained  up  to 
700*C  of  substrate  temoerature  with  no  degradation  of  the  inP  surface.  Deposition  rates  of 
100  A/sec  are  measured  at  this  temperature  with  an  oxygen  to  silane  gas  ratio  of  10.  The 
total  cycle  time  for  a  700  A-thick  gate  oxide  deposited  on  inp  in  less  than  20  sec,  with  a 
temperature  rise  time  of  3  sec  and  a  natural  cooling  time  of  few  seconds.  The  InP  surface 
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which  is  usually  thermally  degraded  at  temperatures  above  300*C  is  preserved  here  due  to  the 
fast  temperature  cycle  and  the  auto-encapsulation  of  the  substrate  in  the  first  stage  of 
deposition. 

Ill  -  CHARACTERIZATION  OF  THE  SiO„  FILMS  ON  InP 

The  index  of  refraction  of  this  oxide  was  measured  to  be  1.46.  Its  Infrared  absorption  spec¬ 
trum  shows  that  the  S1H4+  02  reaction  is  complete  with  no  traces  of  S1-H  absorption  bands. 
The  S1-0  stretching  and  bending  modes  are  located  respectively  at  1070  and  450  cm-i.  These 
figures  are  very  close  to  the  optical  characteristics  of  thermally  oxidized  silicon  films. 

InP  substrates  oriented  along  the  (100)  direction  with  a  residual  n-type  concentration  of 
7xl015  e/cm3  were  carefully  prepared  for  electrical  characterization.  A  lOOOA-thick  Si 0_ 
layer  was  then  deposited  at  700*C  with  the  above  specified  parameters.  MIS  capacitors  were 
then  fabricated  on  this  structure  with  the  lift-off  of  a  Ti-Au  metallic  film.  A  resistivity 
of  8xl015  Q.cm  and  a  breakdown  strength  of  7  MV/cm  were  measured  on  the  oxide  layer.  Capaci¬ 
tance  and  conductance  versus  voltage  characteristics  were  measured  at  1  MHz.  The  resulting 
C( V)  piot  is  displayed  in  Fig.  la. 

As  can  be  seen  from  this  curve  accumulation  and  inversion  regimes  are  easily  reached.  The 
residual  hysteresis  is  0.8  V  which  is  a  low  figure  for  InP  based  structures.  This  value  does 
not  depend  on  scanning  speed.  Capacitance  and  conductance  versus  voltage  characteristics  were 
then  taken  between  10  and  100  Hz.  At  these  frequencies  the  dielectric  capacitance  does  not 
vary  and  no  conductance  peaks  due  to  electron  traps  are  observed  in  this  frequency  range. 


GATE  VOLTAGE  (V)  GATE  VOLTAGE  (V) 

(a)  (b) 


Fig.  1  :  Capacitance  voltage  characteristic  at  1  MHz  of  a  MIS  diode  fabricated  on  InP  by 
flash  LPCVO. 

a)  deposition  of  S102  on  a  virgin  as  polished  substrate 

b)  deposition  of  Si02  after  an  in-situ  cleaning  in  flowing  silane. 

IV  -  IN-SITU  SURFACE  CLEANING 

One  of  the  major  advantages  of  the  flash  CVO  techniques  is  that  in-situ  processing  can  be 
easily  accomplished.  The  substrate  is  hot  only  during  deposition  or  surface  reaction  and  not 
during  purging  or  gaz  flow  stabilization.  Different  processes  can  thus  be  made  in-situ 
without  cross  contamination  of  one  to  the  other.  Surface  preparation  prior  to  oxide  deposi¬ 
tion  can  then  be  conceived. 

The  authors  have  shown  that  an  oxidized  InP  surface  exposed  to  a  silane  flow  will  react  at 
300*C  /%/.  Silane  changes  the  bonding  of  surface  InP  oxides,  restoring  covalent  bonding 
through  a  chemical  reaction  involving  silicon  bonding  to  InP  and  taking  over  the  available 
oxygen  to  form  S1-0  bonds.  This  is  Illustrated  by  the  change  of  AES  signal  of  Indium  and 
Phosphorus  of  Fig.  2.  These  spectra  Indicate  that  In  and  P  recover  their  covalent  bonding 
after  silane  exposure. 
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Fig.  2  :  Indium  and  phosphure  Auger  spectra  for  different  treatments  of  the  InP  surface.  Thin 
solid  lines  represent  clean  Inp  surface,  dashed  line  represents  oxidized  inp  surface  and 
thick  solid  lines  represent  the  restored  Inp  surface  silane  exposure.  Experiments  were  per¬ 
formed  at  a  substrate  temperature  of  300*C. 

The  potential  efficiency  of  silane  preexposition  of  InP  substrates  on  the  improvement  of 
semiconductor/insulator  Interfaclal  properties  has  been  tested.  MIS  capacitors  have  been 
process  with  and  without  silane  In  situ  cleaning.  The  cleaning  procedure  demonstrated  In  a 
UHV  environment  was  transposed  to  the  flash  CVO  reactor  conditions.  It  results  in  a  flash  at 
250* C  for  10  sec  In  0.1  Torr  partial  pressure  of  silane.  The  C(V)  result  of  the  In-situ  clea¬ 
ning  Is  shown  In  Fig.  1-b.  As  can  be  seen,  the  hysteresis  cycle  Is  lowered  by  a  factor  of  3 
to  a  final  value  of  0^25  ev.  This  Improvement  of  the  hysteresis  width  can  be  unambiguovsly 
assigned  to  a  reduction  of  Interface  slow  traps. 

V  -  CONCLUSIONS 

It  has  been  shown  that  LPCVD  can  be  controlled  with  radiant  heat.  This  technique  opens  the 
access  of  high  temperature  processes  to  1 1 1- V  materials  such  as  InP.  Furthermore  multiple 
processing  steps  can  be  easily  carried  out  In  situ  within  such  a  reactor. 
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HIGH  PERFORMANCE  SCHOTTKY  DIODE  AND  FET  ON  ZnP 


S.  LOUALICHE,  A.  GINOUDI,  H.  L ' HARIDON,  M.  SALVI,  A.  LE  CORRE, 

D.  LECROSNIER  and  P.N.  FAVENNEC 

Centre  National  d 'Etudes  des  Tdldcommunlcatlons  LAB/OCM/TOH,  BP  40, 
F- 22301  Lannlon  Cedex,  France 


Resume  -  Une  diode  Schottky  de  tres  haute  qualite  a  6t6  r6alis6e 
sur  InP  de  type  n  en  utllisant  un  traitement  de  surface  original. 
Cette  diode  atteint  des  tensions  de  claquage  de  60  V  et  le  courant 
de  fulte  reste  inf6rieur  A  1  p  A  A  30  V.  Le  meilleur  dispositif  a 
un  courant  de  fuite  de  0.2  nA  d  -  1  Vet  une  hauteur  de  barri6re 
de  0.7  eV.  Cette  Schottky  a  6t6  utilis6e  pour  la  fabrication  de 
transistors  A  effet  de  champ  (FET)  par  CBE  et  implantation 
ionique.  Une  transconductance  de  140  mS/mm  a  6t6  mesur&e  sur  un 
transistor  de  3  pm  de  grille. 


Abstract  -  A  high  performance  Schottky  diode  has  been  realized  on 
InP  by  a  special  surface  treatment.  The  diode  reaches  a  breakdown 
voltage  of  60  V  and  the  reverse  current  remains  at  0.6  pA  for  30  V 
reverse  voltage.  The  best  device  shows  a  reverse  current  of  0.2  nA 
at  1  V  voltage  with  an  ideality  factor  of  1.54.  The  Schottky  has 
been  used  as  a  gate  in  the  fabrication  of  FETs  on  InP  by  ion 
implantation  and  CBE.  A  transconductance  of  140  mS/mn  has  been 
obtained  on  a  3  pm  gate  length  FET  in  the  frist  experimental  trial 
without  any  optimisaton. 


The  Schottky  diode  is  widely  used  in  high  speed  devices  like  FETs  and 
optoelectronic  devices  like  MSM  ( metal  semiconductor  metal ) .  The  InP  and 
related  ternary  and  quaternary  materials  are  the  most  important 
semiconductors  for  the  optoelectronic  technology.  These  materials  are 
used  in  the  fabrication  of  emitter  and  receiver  devices  in  the  1.3  pm 
and  1.5  pm  wavelengths  for  lightwave  communications  in  optical,  fibers. 
The  InP  and  related  compounds  have  also  excellent  transport  properties 
(high  mobilities  and  high  saturation  velocities)  for  high  speed 
applications.  But  due  to  the  absence  of  good  quality  Schottky  diodes. 
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this  material  is  not  extensively  used  in  high  speed  devices  (FET,  HEMT) 
like  GaAs. 

In  the  present  work  we  have  fabricated  a  good  quality  metal  insulator 
semiconductor  (MIS)  tunnel  Schottky  device  on  InP  and  GalnAs.  The 
fabrication  has  been  done  by  a  low  temperature  process  (below  200°C) 
which  leads  to  excellent  devices. 

The  samples  used  to  study  Schottky  diodes  are  undoped  n  type  (5  x  10^-5 
cm-3 )  inP  substrate  or  layers  grown  by  gaz  source  molecular  beam 
epitaxial  layers  (also  called  CBE  :  chemical  beam  epitaxy).  The  CBE 
layers  are  n  type  InP  (undoped  ~  10^6  cm"3  or  n  type  GalnAs  (~  5  x  lO1^ 
cm-3)  of  about  1  to  3  ^  m  thickness  grown  on  semi-insulating  InP  :  Fe 
substrates.  The  ohmic  contact  (Au-Ge  annealed  360°C  -  10s)  is  done  first 
to  avoid  the  annealing  step  to  the  Schottky  contact.  After  the  oxide 
fabrication,  the  Schottky  metal  (Au)  is  deposited  through  a  metalic 
mask.  The  Schottky  dots  have  two  dimensions  :  0.2  mm  and  0.4  mm.  The 
carrier  concentrations  are  measured  by  C(V)  technique  using  the  Schottky 
device . 

The  current  versus  voltage  (I(V))  electrical  characteristic  of  a  typical 
diode  measured  at  room  temperature  is  given  in  Figure  1 .  The  breakdown 
voltage  of  this  diode  is  about  10  V,  the  ideality  factor  is  1.54  and  the 
apparent  barrier  height  is  0.7  eV.  The  reverse  leakage  current  at  1  V  is 
below  0.2  nA.  To  the  best  of  our  knowledge  these  parameters  seems  to 
indicate  that  this  Schottky  diode  is  the  highest  quality  device  ever 
fabricated  on  n  type  InP  and  campares  favorably  to  the  Schottky  diodes 
fabricated  on  GaAs.  The  study  of  the  saturation  current  with  temperature 

from  100  K  to  300  K  (R6f.  1)  leads  to  evaluate  the  oxide  thickness  of 

o 

the  MIS  tunnel  diode  of  the  figure  1  to  35  A.  By  increasing  the 
temperature  of  the  diode  fabrication  by  50  °C  above  that  of  figure  1,  the 
breakdown  voltage  is  increased  from  10  V  ( Figure  1 )  to  60  V  ( Figure  2 ) . 


Figure  1  :  Typical  l(V)  characteristic  Figure  2  :  Reverse  1(V)  characteristic 

of  0.2  mm  diameter  diode  on  n  :  InP  of  0.2  mm  diameter  diode  on  n  type 

InP.  The  leakage  current  is  about  0.6  uA 
at  30  V. 
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The  barrier  height  of  this  device  is  0.65  eV  and  the  ideality  factor  is 
1.45  .  The  reverse  leakage  current  of  this  diode  is  still  below  the 

microampere  range  at  30  V  reverse  voltage  ( Figure  2 ) .  The  oxide  thick¬ 
ness  of  this  diode  is  estimated  to  50  &  by  I  versus  T  measurement.  An 

o 

ellipsometry  evaluation  of  tne  oxide  thickness  leads  to  25  A  for  the 

device  of  Figure  1  and  35  A  for  that  of  figure  2.  An  other  method  has 

been  used  to  evaluate  the  oxide  thickness  fabricated  on  InP  by  the 

present  oxidation  method.  A  part  of  on  an  n  type  InP  sample  has  been 
o 

protected  by  100  A  Pt  layer  on  its  top,  the  other  part  has  been  oxidised 

and  etched  ten  times  to  measure  the  thickness  of  the  InP  material  used 

o 

by  the  oxidation.  These  measure  gives  200  A  for  the  InP  removed  by  10 

successive  oxidation  and  etch  runs.  This  experiment  leads  to  an  oxide 

o 

thickness  of  40  A  if  we  suppose  that  tox±de  =  2  tjnp.  These  three 

different  methods  give  an  order  of  magnitude  of  the  optimum  oxide 

o 

thickness  for  the  Schottky  contact  of  40  A. 

The  oxide  fabricated  to  enhance  the  surface  barrier  of  the  Schottky 
device  seems  to  be  stable.  The  Schottky  device  parameters  does  not 
change  when  the  diode  is  stored  at  room  temperature  during  a  few  months. 
The  device  has  been  polarised  at  3  V  reverse  voltage  during  48  hours  and 
we  do  not  observe  any  particular  variation  of  the  device 
characteristics.  The  annealing  at  200°C  for  10  minutes  of  the  finished 
diode  decreases  the  leakage  current  by  a  factor  2.  The  annealing  of  the 
oxide  prior  to  the  Schottky  metal  deposition  at  200 ®C  for  30  minutes  im¬ 
proves  the  Schottky  quality  (better  leakage  current).  At  the  temperature 
of  250®C  and  above  the  oxyde  quality  is  degraded. 

The  gold  (Au)  has  been  chosen  for  the  Schottky  contact.  Other  metals 
(Al,  Ag,  Cr)  are  also  tested,  but  the  devices  fabricated  by  te  gold 
contacts  give  better  performances . 

A  Deep  Level  Transient  Spectrocospy  ( DLTS )  measurement  has  been 
performed  on  the  Schottky  fabricated  on  unaoped  Ir.r.  The  temperature 
range  of  the  measurement  lies  between  90  K  and  300  K  and  no  trap  has 
been  observed  in  this  temperature  range.  If  we  suppose  a  trap  emission 
cross  section  of  10-15  cm2,  there  is  no  trap,  having  its  energy  lying 
between  0.12  eV  and  0.6  eV  below  the  conduction  band,  introduced  by  the 
Schottky  preparation  technique.  The  experimental  sensitivity,  indicates 
that  the  trap  concentration,  if  they  exist,  is  below  101®  cm"2. 

The  present  oxidation  method  studied  on  n  type  InP  has  been  tested  on 
GalnAs  layers  grown  by  CBE  on  InP  substrate.  The  GalnAs  material  in  n 
type  (  ~  5  1015  cm )  undoped  having  about  1  pm  thickness.  The  Schottky 
fabricated  on  this  material  has  higher  leakage  current  but  the  breakdown 
voltage  is  as  high  as  300  V  (Figure  3).  This  is  the  highest  breakdown 
voltage  ever  obtained  on  a  Schottky  device  in  GalnAs  semiconductor. 
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The  Schottky  device  fabricated  on  n  type  InP  has 
good  long  term  stability,  does  not  introduce 
deep  traps  and  the  device  parameters  are 
suitable  for  electrical  measurements  (I(V), 
C(V) ,  DLTS ) .  This  Schottky  device  has  been  also 
found  suitable  for  the  gate  contact  in  field 
effect  transistors  (FET)  fabricated  on  n  type 
InP. 

Two  methods  have  been  tried  to  dope  the  active 
layer  of  the  transistor  :  Ion  implantation  and 
CBE.  The  silicon  ion  implantation  on  <100>  semi 
insulating  substrate  at  2  doses  and  2  energies 
( 1013  cm-2  -  40  keV  and  2  x  lO*3  cm-3  _  ioo 
keV).  To  improve  the  ohmic  contact  a  shallow  n+ 
ion  implantation  (10*-3  cm-3  -  20  keV)  has  been 
done  below  the  source  and  drain  contact.  The 
ion  implantation  annealing  is  performed  at  750°C 
during  30  seconds. 

The  ohmic  contact  annealing  occurs  at  340 °C  for  15  seconds.  Before  the 

o 

fabrication  of  the  Schottky  gate,  we  have  done  a  1200  A  etch  below  the 
gate  by  a  chemical  solution  (Br2  :  HBr:  H2O  :  0.1  :  10  :  100)  for  the 

control  of  the  saturation  current.  The  gate  Schottky  contact  has  higher 
leakage  current  compared  to  the  previous  Schottky  diode.  For  a  3  p  m  x 
300  p  m  gate  contact  the  leakage  current  is  about  1  pA  at  -  1  V  and  4  p  A 
at  -  2V.  The  best  transconductance  on  a  3pm  gate  implanted  FET  is  140 
mS/mm  and  compares  favorably  to  the  best  1pm  gate  MIS  devices  on  InP 
(180  mS/mm  :  Ref.  2  -  200  mS/mm  Ref.  3).  But  the  device  with  the  best 
transconductance  does  not  reach  the  pinch  off.  The  device  reaching  the 
pinch  off  has  a  transconductance  of  110  mS/mm  for  a  3  p  m  gate.  Other 
devices  presents  lower  transconductances  ( Figure  4 ) ,  but  these  devices 
can  support  Vds  voltage  above  11  V,  and  have  excellent  and  constant 
output  transconductance  from  Vgs  -  0  to  the  pinch  off.  This  property 
make  them  suitable  for  high  power  amplification  with  a  good  linearity. 
The  active  layer  grown  by  CBE  consists  of  an  undoped  buffer  layer  (0.5 
p  m  ;  101®  cm-3)  an(j  a  doped  active  layer  (0.2  pm  ;  2  x  1017  cm-3)  has 
been  grown  to  improve  the  ohmic  contact.  The  contact  resistance  is  found 
to  be  better  in  CBE  FET  (3.5  g  )  than  in  the  implanted  one  (30  n  ).  It 
is  necessary  to  etch  under  the  gate  to  control  the  drain  saturation 
current  and  to  reach  the  pinch  off  of  the  transistor  because  of  the  high 
residual  doping  of  the  buffer  layer.  We  have  found  an  other  methods  to 
avoid  the  etch  by  growing  a  p  type  layer  (500  A  ;  3  x  1017  cm-3)  between 
the  buffer  layer  and  the  active  layer.  This  method  leads  to  transistors 
which  reach  the  pinch  without  etching  below  the  gate  for  a  moderate 
gate  voltage  of  3  to  4  V.  The  gate  leakage  current  is  about  4  p  A  at  - 
3V. 


Figure  3  :  Linear  I(V)  charac¬ 
teristic  of  a  Schottky  diode 
on  n  type  GalnAs  (1  pm 
thickness  ;  5  10*  cm~3) 

grown  on  a  semi  insulating 
InP  substrate.  Note  the 
breakdown  voltage  (>  300  V). 


L 
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The  transconductance  obtained  in  the  case  of  CBE  transistors  is  less 
than  that  obtained  on  implanted  FET  ( 50  mS/mm  ;  Figure  5 ) .  This  is 
probably  due  to  the  poor  quality  of  our  buffer  layer. 


Figure  k  :  Ids  -  Vds  network  of  ion  implanted 
FET  on  n  type  InP  gate  dimension 
3  pm  x  300  pm 


0123  Vds IV) 

Figure  5  :  Ids  -  Vds  network  of  CBE  FET 
gate  dimension  :  3  pm  x  300  pm 


In  conclusion,  a  high  quality  MIS  tunnel  Schottky  diode  has  been 
fabricated  on  n  type  InP.  This  device  presents  excellent  long  time 
stability,  high  breakdown  voltage  (60  V),  and  ultra  low  leakage  current 
(0.2  nA).  The  fabrication  process  does  not  introduce  deep  traps.  This 
Schottky  diode  is  adequate  when  it  is  used  as  a  gate  in  the  FET.  We  have 
shown  that  the  fabrication  process  of  the  diode  is  compatible  with  ion 
implanted  technique  or  epitaxial  technique  for  FET  fabrication. 
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R6sum6 

Des  translators  A  effet  de  champ  M.l.s.  sur  phosphure  d' Indium  seml-lsolant  ont  ete 
61abor6a.  Las  contacts  et  1e  canal  sont  dopes  par  Implantation  de  sillclum.  Le  dlilectrique 
de  grille  est  SIO2  d6pos6  par  activation  u 1 t rav 1 o 1 ette .  Les  disposltlfs  d  desertion  &  canal 
de  2  microns  ont  une  derive  du  courant  de  saturation  1nf6r1eure  a  10  p.  cent  en  24  heures. 
II s  sont  compatibles  avec  une  technologie  de  lasers  pour  1 ' Integration  opto-el ect ronl que . 

Abstract 

MIS  field  effect  transistors  on  semi-insulating  indium  phosphide  have  been  fabricated. 
The  contacts  and  the  channel  are  doped  by  silicon  implantation.  The  gate  dielectric  Is  SIO2 
deposited  under  UV  activation.  Depletion-mode  devices  with  a  2-micron  channel  length  have  a 
saturation  current  drift  less  than  10  per  cent  in  24  hours.  They  are  compatible  with  a  laser 
technology  for  Integrated  opto-el ect ron 1 cs . 

1.  Introduction 

Semi -1 nsul atl ng  Indium  phosphide  Is  the  substrate  material  of  choice  for  Integrated 
opto-el ectronl c  emitters  and  receivers  ([1],[2]).  MIS  and  MIS-like  field  effect  transistors  can  be 
made  by  Ion  Implantation  ([3],  [4)),  by  epitaxy  of  n-type  InP  ([5]  -  [7]),  or  on  the  ternary 
arsenides  lattice  matched  to  InP  ([0]  -  (10)).  The  Implantation  technology  Is  appealing  for 
Integration  purposes,  due  to  Its  simplicity  and  the  planar  device  geometry.  However,  the  drift 
Instability  of  implanted  InP  MISFET’s  has  to  be  overcome  If  they  are  to  compete  against  the  InP 
JFET’s  [11),  the  stable  GalnAs  MISFET’s  ((12)),  Or  the  A 1 1 nAs/Ga In As  HFET ' s  ((13)  -  (16J). 

We  studied  a  MIS  system  prepared  by  UV-anhanced  CVD  of  silicon  dioxide  at  low  temperature 
([17])  and  achieved  a  tolerably  small  amount  of  drift  on  2-mlcron  devices.  Even  If  the  absence  of 
gate/contact  self-alignment  Is  a  performance  drawback,  those  transistors  may  be  useful  In  a  laser 
driver  application. 

2.  Device  Fabrication 

A  two-step  implantation  process  Is  used  to  prepare  the  n  +  contact  and  the  depletion-mode 
channel  of  the  devices.  The  channel  Implantation  consists  of  10*2  silicon  atoms  /  cm2  «t  100  keV.  A 
photoresist  mask  protects  the  substrate  outside  the  channel  regions.  In  order  to  keep  the  FETs 
entirely  planar,  the  contact  Implantation  Is  selective,  too.  A  300  to  400  nm  layer  of 
plasma-deposited  phosphorous-doped  silicon  dioxide  Is  used  as  the  Implantation  mask  for  the  high  SI 
dose  of  10*4  at . /cm2 .  Well-defined  channel  masks  of  1  um  have  been  prepared  by  reactive  Ion  etching 
of  the  PSG  material.  The  1 ow-f requency  plasma  PSG  deposition  has  been  adapted  tfo  that  the  damaged 
layer  on  the  fragile  InP  surface  does  not  exceed  50  nm. 

The  Implantation  annealing  has  been  carried  out  at  750  °C ,  after  the  stripping  of  the  contact 
mask  and  the  deposition  of  another  200  nm  PSG  capping  layer.  Following  the  removal  of  the  annealing 
cap  and  the  degraded  InP  surface  layer,  Au/Ge  ohmic  contacts  have  been  evaporated  and  alloyed  at 
410  °C.  The  channels  cujld  then  be  etched  chemically  to  bring  the  satured  current  down  to  a  typical 
value  of  100  mA/mm,  which  has  been  found  to  yield  a  FET  threshold  of  -2  V  on  good  substrates  with 
low  Fs  background. 

The  gate  insulator  SIO2  has  been  deposited  at  180  ©C  from  the  UV-actlvated  reaction  of  silane 
and  nitrous  oxide,  using  traces  of  Hg  vapour  as  a  catalyser.  The  kinetics  of  this  process  is 
critically  dependent  on  the  Incident  UV  light  Intensity  and  the  mercury  concen t rat  1  on .  The  lack  of 
control  and  the  absence  of  in-sltu  thickness  monitoring  In  our  resea rch- type  reactor  resulted  in 
films  scattering  In  a  20  nm  Interval  about  the  Intended  thickness  of  70  nm. 

Titanium-gold  gates  have  been  electron-beam  evaporated  and  delineated  using  a  lift-off  mask. 
Finally,  the  devices  have  been  passivated  under  a  double  layer  of  UV-deposIted  silicon  nitride  and 
silicon  dioxide,  and  Tl-Au  contact  pads  have  been  added. 

3.  Properties  of  MI8  Diodes 

Control  samples  of  unintentionally  n-doped  InP  have  been  used  to  prepare  MIS  diodes  along 
with  each  transistor  process.  Annealing  of  the  diode  structures  between  200  and  250  °C  has  been 
successful  In  curing  most  of  the  evapo ra 1 1  on- rel ated  damage  and  in  Improving  the  dielectric 
strength  of  the  S102-  We  obtained  an  Insulator  resistivity  of  10l*  Ohm  cm,  a  breakdown  electric 
field  of  5  MV/cm  and  an  accumulation  capacitance  dispersion  below  3  ft  In  the  range  from  100  H*  to 


Capacitance  (pF) 
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voltage  (V) 


Fig.  2:  Frequency  dispersion  of  InP 
Mis  cepecltor 


Voltage  (V) 

Fig.  1:  1  MHz  C-V  curve  of  UVCVD 

silicon  dioxide  /  InP  MIS  system 


100  kHz  (Fig.  2).  The  dielectric  constant  is  rather  high  (5  to  5.5),  since  the  water  and  SiOH 
contents  of  the  UVCVD  layers  are  7  atoms  X,  as  estimated  from  the  infrared  absorption  spectra. 
Rutherford  backscatter 1 ng  analysis  of  the  trace  amount  of  Hg  incorporated  in  the  silicon  dioxide 
gave  a  value  below  the  detection  limit  (several  1016  atoms/cm3  for  thick  control  layers  on 
graphite).  An  electron-injection  type  hysteresis  of  0.5  V  (Fig.  1)  is  cha rac te r 1 st 1 c  of  these  Mis 
systems,  for  C-V. cycles  stressing  the  structure  up  to  1  MV/cm  at  a  0.25  V/cm  sweep  rate. 


4.  Transistor  Character 1 stl cs 

Three  varieties  of  MISFET's  have  been  studied  on  substrates  with  a  low  Fe  doping  level  (< 
101®  cm-3) :  Enhancement-mode  devices  with  5-mlcron  gates  over  1  and  2-mlcron  channels, 
depletion-mode  transistors  with  2-mlcron  channels  and  2... 3  micron  gate  length.  No  self-alignment 
between  the  channel  and  the  gate  has  been  tried:  our  MIS  systems  do  not  withstand  the  Implantation 
annealing  treatment  as  do  some  GalnAs  Ml  S  systems  ([6]). 

The  2-mlcron  enhancement  and  depletion  mode  devices  have  threshold  voltages  of  0  V  and  -2  V, 
respectively  (Fig.  3),  and  t ransconduc tances  from  70  to  110  mS/mm  at  100  mA/mm  saturated  drain 
current.  An  Implanted  MISFET  and  Its  unlmpl anted  neighbour  exhibit  very  similar  Vg*  ~  Ids  curves 
(Fig.  4)  and  the  transconductance  peaks  are  almost  the  same.  The  dominant  effect  of  the  Impantatlon 
Is  a  threshold  voltage  shift;  most  of  the  active  channel  electrons  are  in  the  accumulation  layer. 
The  gate  transfer  characteristics  In  the  linear  region  correspond  to  a  peak  effective  mobility  of 
2200  cm2/va.  The  gate-source  capacitance  of  the  depletion-mode  FET's  Is  about  2  pF/mm. 


Fig.  3:  Character 1 st 1 cs  of  Implanted 
InP  MISFET 


Fig.  4:  Saturated  drain  current  and  transconduc¬ 
tance  of  Implanted  va.  unimplanted  MISFET 
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MISFET  INVERTER 


Vin  (V) 


Plfl.  5:  InP  MISFET  Invtrter  with 
2-mlcron  enhancemen t/depl at 1  on  tran¬ 
sistor  pair 


TIME  (s) 


Fig.  6:  Saturated  drain  currant  drift  sequence 
(1,2,3)  of  Implanted  InP  MISFET:  the  "tsO" 
voltage  transitions  are  indicated. 


Fig.  5  shows  the  static  transfer  curves  of  NMOS-style  Inverters  composed  of  an 
enhancement-mode  switch  and  a  depletion-mode  load,  after  repeated  cycling  of  the  device  with  a  0  to 
5  Volt  Input.  Before  stress,  the  threshold  was  0.5  volts  lower,  which  Is  consistent  with  the 
hysteresis  observations  on  the  C-V  curves. 

5.  Drift  Behaviour 

The  blggast  problem  of  current  InP  MISFET  technology  is  the  long-term  drift  of  drain  current: 
a  decrease  is  observed  In  general,  co r respond  1 ng  to  an  upward  drift  of  threshold  voltage  due  to  the 
injection  and  trapping  of  negative  charges  at  the  InP-S102  Interface  ([18]).  We  used  the  common 
method  of  drift  characte r 1 2at 1  on  which  is  the  measurement  of  drain  current  evolution  on  a 
logarithmic  time  scale  under  small  drain  bias  (v<js  -  0.1  V),  after  the  application  of  a  gate 
voltage  step. 

A  sequence  of  24-hour  drift  cycles  on  the  same  depletion-mode  device  In  the  linear  region  (Vg 
from  0  to  -2  V,  then  back  to  0  V)  gave  a  reversible  threshold  voltage  drift  of  less  than  0.5  V. 
Three  cycles  in  the  saturated  regime  (step  In  V^  from  0  to  2  V,  then  Vg  held  at  0,  -2  and  0  V)  have 
been  recorded  next  (Fig.  6).  There  are  effects  of  positive  and  of  negative  charges,  the  positive 
ones  being  dominant  at  longer  time  constants.  We  cannot  exclude  alkali  Ion  con taml nat 1  on  as  a 
possible  parasitic  drift  effect  since  our  processing  environment  and  methods  lack  somewhat  the 
stringent  MOS  discipline.  The  total  amount  of  saturated  drain  current  variation  In  24  hours  is 
equivalent  to  a  threshold  voltage  drift  of  less  than  0.5  volts.  That  means  that  It  can  be 
compensated  for  In  a  typical  laser  driver  application  where  a  feedback  stabilisation  of  the  light 
output  level  Is  neceseery  In  any  case. 


6.  Conclusion 

Wholly  implanted  InP  MISFET ‘a  may  be  pushed  to  performance  levels  adequate  for  most 
applications  In  optoelectronics.  The  devices  are  entirely  planar,  have  a  negligible  gate  leakage 
current,  their  threshold  may  be  adjusted  between  -2  and  0  Volts,  and  no  epitaxial  layers  are 
required.  On  the  other  hand,  the  substrata  preparation  and  the  gate  dielectric  deposition  are 
delicate  processes.  The  residual  drift  of  threshold  voltage  is  still  a  matter  of  concern  about 
device  reliability,  but  Important  progress  has  been  made  on  that  subject.  Better  control  of  process 
steps  Is  expected  In  the  near  future  and  we  hope  that  the  planar  geometry  of  Implanted  FETs  will 
make  them  fit  easily  Into  OEIC  designs. 
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INTERFACE  STATES  PARAMETERS  DEDUCED  FROM  DLTS,  ICTS  AND  CONDUCTANCE  METHODS 
ON  TlAu/Si3 N4 /GalnAs  MIS  STRUCTURES 


J.  BARRIER,  M.  RENAUD,  P.  BOHER  and  J.  SCHNEIDER 
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RESUME:  Plusieurs  methodes  de  caracterisation  electrique  utilisant  les  techniques  de  DLTS, 
d'lCTS,  et  de  conductance  ont  ete  mises  au  point  et  associees.  En  prenant  en  compte  les  cor¬ 
rections  dues  a  la  variation  de  la  section  efficace  de  capture  en  fonction  de  l'energie,  ces  methodes 
permettent  une  determination  coherente  des  caracteristiques  des  etats  d'interface  et  ont  ete 
utilisees  sur  des  structures  MIS  (TiA ujSt^NJGci^^ln^^As  ).  L'application  a  1 'optimisation  d'un 
precede  de  passivation  efficace  de  1'interface  Si^NJGalnAs  utilisant  un  retrait  de  l'oxyde  natif  de 
la  surface  de  GalnAs  suivi  d'un  depot  de  Si}N,  par  plasma  multipolaire  en  ambiance  ultra  vide 
a  permis  la  realisation  de  transistors  MISFET  sur  GalnAs  possedant  de  bonnes  performances. 


ABSTRACT:  A  set  of  electrical  characterization  methods  has  been  developed  using  DLTS, 
ICTS  and  Conductance  techniques.  Taking  into  account  corrections  due  to  the  variation  of  cap¬ 
ture  cross  section  versus  energy  ,  this  method  allows  for  a  coherent  determination  of  interface 
states  parameters  and  has  been  used  on  TiAulSi^NJG^In^^As  MIS  structures.  It  has  been 
applied  to  perform  an  efficient  passivation  process  of  the  SiyNJGalnAs  interface  consisting  in  an 
in  situ  native  oxide  removal  and  Si%Nt  deposition  by  multipolar  plasmas  in  a  ultra  high  vacuum 
system.  GalnAs  MISFETs  with  good  performances  could  be  achieved  using  such  an  optimized 
process. 


/.  INTRODUCTION 

G<%47/n0S3/4j  is  a  very  attractive  material  for  the  fabrication  of  high  speed  electronic  compo¬ 
nents  due  to  its  excellent  electronic  properties.  Several  gate  configurations  of  field  effect  transistors 
(JFET,  HFET,  MODFET  )  have  been  investigated  with  good  results. 

For  insulated  gate  field  effect  transistors  (MISFETs)  technology,  large  interface  states  densi¬ 
ties  and  drain  current  drift  can  appear  with  the  insulator  deposition,  especially  on  III-V  compounds 
MISFETS.  Theses  difficulties  hampered  the  development  of  this  technology  but,  recently,  few  works 
have  demonstrated  possibility  to  overcome  them  /1, 2/.  Such  application  requires  an  efficient  passivation 
process  to  reduce  the  density  of  interface  states  while  keeping  a  high  stability  with  time.  Many 
passivation  methods  have  been  applied  with  various  results  but  main  conditions  are  a  low  temperature 
process  and  a  low  energetic  insulator  deposition  due  to  the  III-V  compounds  surface  instability. 

Here,  we  have  used  a  ultra  high  vacuum  system  and  multipolar  plasma  treatments.  Because 
"native  oxide'  seems  to  be  responsible  of  the  drain  current  drift  /3 /,  we  have  chosen  to  remove  it  in  a 
multipolar  plasma  treatment. 

In  order  to  improve  this  passivation  process,  we  needed  to  develop  a  set  of  sensitive  charac¬ 
terization  methods.  DLTS,  ICTS,  Conductance  and  Capacitance  measurements  have  been  performed  on 
TiAu/S^NJGalnAs  MIS  structures.  Then,  two  kinds  of  treatments  and  there  effects  on  the  deduced 
interface  state  density  were  studied. 


It,  SAMPLE  PREPARATION 

Electrical  measurements  have  been  made  on  GalnAs  layers  lattice  matched  to  n4InP  substrate 
grown  by  vapor  phase  epitaxy  using  the  chloride  method.  The  samples  are  chemically  deoxidized  in  di- 


^'tXP  :  *  Maabar  of  tha  Intarnational  Philips  Raaaarch  Organisation 
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luted  HF  before  introduction  into  the  UHV  system.  Then,  the  native  oxide  is  completely  removed  in  a 
H2  multipolar  plasma  with  a  given  hydrogen  ion  density  that  we  have  varied  during  this  study.  Finally, 
a  S/,W4  film  is  deposited  using  a  multipolar  plasma  of  SiH,  and  N2  at  room  temperature.  Both  steps  can 
be  monitored  by  in  situ  kinetic  and  spectroscopic  cllipsometry  /4/.  After  passivation,  one  hour  annealing 
at  400°C  is  performed  and  TiAu  dots  are  evaporated  followed  by  a  15mn  anneal  at  400°C. 


III.  CHARACTERIZATION  TECHNIQUES 
HI. A.  DLTS-/CTS 

We  have  recently  presented  a  general  method  to  extract  the  density  distribution  Nts(E)  and  the 
capture  cross  section  <x„(£)  from  DLTS  and  ICTS  measurements  (J.M.  Lopez  Villegas,  P.  Boher,  M. 
Renaud  submitted  to  J.  Appl.  Phys.  1987).  The  coherence  between  the  two  spectroscopies  is  assumed 
only  taking  into  account  the  variation  of  nn  versus  energy.  This  method  is  the  most  sensitive  one  but  it 
assumes  that  the  capture  cross  section  is  constant  versus  temperature. 


III.B.  CONDUCTANCE 

Conductance  method  has  also  been  applied  on  the  same  samples.  Using  a  HP4192A 
impedance  analyzer.  Capacitance  and  Conductance  can  be  measured  from  500Hz  to  10MHz  at  a  con¬ 
stant  bias  on  the  metal  gate  of  the  sample  which  can  be  heated  from  room  temperature  to  1 10°C.  The 
analytical  expression  of  interface  states  admittance  ( YJ  has  been  calculated  by  Deuling  /5/  only  in  two 
cases: 


KT: 


i)  When  the  capture  cross  section  and  the  density  of  states  do  not  change  with  energy  over  a  few 


eN„  .  ln(l  +  cuV)  , 

Y„  =  1  ~ — j - -  +J  tan  I 

where  t  is  the  interface  time  constant  classically  related  to  the  capture  cross  section. 


ii)  For  a  variation  of  <r„  versus  energy  defined  by  y  =  {KT/e)  x  (d  ln(<7„)/dt/»)  =  0.5  ,  where  the 
effect  of  the  variation  of  a„  is  maximum.  (The  first  case  corresponds  to  y  =0): 

Y„  =  — —  {nil  -  A I  +jA  In  I  1 77~~~~7T~  I }  where  A  =  (1  +  a>ir1/4)"l,J 

\jA—  an /2 


Interface  states  parameters  are  obtained  by  fitting  the  experimental  curves  with  both  models. 
N„ ,  a,  (  variance  of  surface  potential  fluctuation  )  and  time  constant  are  deduced  from  Gplw(F)  curve 
and  surface  potential)  from  Cp(F)  curve.  <r„  is  calculated  fro  r  and  \f/, .  This  method  needs  the  precise 
knowledge  of  the  impurity  concentration.  Measurements  at  various  temperatures  allows  for  the  deter¬ 
mination  of  any  thermal  activation  of  capture  cross  section. 


IV.  INTERFACE  CHARACTERIZATIONS 

Figure  1  reports  the  fit  of  Gpl<o(F)  and  Cp(F)  curves  with  the  two  hypothesis  (  y-0  and 
y-0.5  )  for  conductance  measurements  made  at  room  temperature  on  one  sample  (  gate  bias:  -1.4  V)  . 
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Figure  1:  Experimental  and  theoretical  parallel  capacitance  Cp  and  conductance  divided  by  the  angular 
frequency  Gpjw  versus  frequency  for  the  sample  treated  with  the  lowest  hydrogen  ion  density  (  sample  l ). 
y  =  0  :  N„  =  3.4  x  \Oncm-2eV-'  ,  a,  =  0.03,  <t„  =  5.6  x  IO'scmJ  ,  p,=  0.388  eV 

y  =  0.5:  N„  =  3.3  x  10 "cm-'eV-'  ,  a,  =  0.67,  o,  =  1 .03  x  10  -"cm1  ,  ip,  =  0.351  eV 

The  Gplw(F)  curve  cannot  be  well  fitted  by  the  constant  cross  section  model  even  with  no 

charge  fluctuation  ( <r,  =  0.03  ).  On  the  contrary,  the  variable  cross  section  model  improves  both  fits 

of  Gplw(F)  and  Cp(F)  curves  and  confirms  DLTS  and  ICTS  measurements  which  show  a  strong 
variation  of  o„  (fig.  3a) 

Effects  of  different  hydrogen  ionic  densities  during  the  UHV  treatment  on  the  interface  states 
characteristics  are  shown  on  figure  2  for  the  density  of  states  and  on  figure  3a  and  3b  for  the  capture 
cross  section  .  It  clearly  appears  that  higher  hydrogen  ion  density  which  is  the  more  energetic  one  (sample 
2)  provide  larger  interface  states  density  and  also  larger  capture  cross  section  and  so  faster  interface 
states. 


ENERGETIC  POSITION  Ec-E  (eV) 

Figure  2:  Interface  states  densities  versus  energy  on  Gain  As  MIS  structures  fabricated  either  with  a  low 
(  sample  I)  or  high  (  sample  2)  hydrogen  ion  densities  during  the  oxide  removal  treatment.  The  values 
extracted  from  conductance  have  been  obtained  using  a  variation  of  the  capture  cross  section  in  the  fits. 
The  density  of  states  measured  on  the  same  samples  by  DLTS  and  ICTS  methods  are  also  reported. 
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Figure  3a  &  3b:  Capture  cross  sections  versus  energy  on  Gain  As  MIS  structures  fabricated  either  with  a 
low  (  sample  I)  or  high  (  sample  2 )  hydrogen  ion  densities  during  the  oxide  removal  treatment.  The  values 
extracted  from  conductance  have  been  obtained  using  a  variation  of  the  capture  cross  section  in  the  fits. 
The  capture  cross  sections  measured  on  the  same  samples  by  DLTS  and  ICTS  methods  are  also  reported 


This  result  confirms  that  the  whole  process  must  be  the  less  energetic  as  possible  ,  especially 
for  the  oxide  removal  and  for  the  Si}Nt  first  layers  deposition.  The  excellent  agreement  between 
conductance  method  ,  DLTS  and  ICTS  measurements  can  only  be  obtained  taking  into  account  the 
variation  of  tr„  versus  energy.  Conductance  measurements  have  been  made  from  room  temperature  to 
110°C  on  the  sample  processed  with  the  lowest  hydrogen  ion  density  .  Capture  cross  sections  calculated 
from  the  variable  cross  section  model  fit  are  reported  on  figure  3b  and  no  thermal  activation  could  be 
observed. 


V.  CONCLUSION 

This  work  shows  the  necessity  to  take  into  account  the  capture  cross  section  variation  versus 
energy  to  correctly  extract  interface  states  parameters  from  conductance  measurements  on  MIS  struc¬ 
tures.  With  these  conditions,  this  method  allows  for  the  determination  of  a  constant  capture  cross  section 
versus  temperature.  Applied  to  the  characterization  of  different  multipolar  plasmas  treatments,  this 
method  shows  the  great  damages  produced  by  energetic  ions  in  the  plasma  on  the  electrical  properties  of 
the  interface.  The  optimized  passivation  process  has  permitted  to  the  fabricate  GalnAs  MISFETS  with 
good  performances  (140  mS/mm  and  no  drain  current  drift,  sec  other  paper  in  the  proceedings). 
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Abstract-In  this  paper  we  will  discuss  the  technology  of  megaoixel  sensor 
and  megapixel  imager  status  in  Eurone,  Japan,  and  U.S.A.  The  discussion 
will  also  include  the  applications  Of  these  sensors  for  high-definition 
television  (HDTV)  and  high-quality  electronic  photography. 


Charge-coupled  devices  (CCDs)  were  invented  by  Boyle  and  Smith*  in  1970. 
These  devices  were  immediately  proclaimed  to  have  applications  in  the 
area  of  imaging,  signal  processing,  and  memories.  Much  work  has  gone 
into  the  development  of  CCDs  for  applications  in  all  these  areas. 

However,  the  greatest  progress  has  been  made  in  the  area  of  solid  state 
imaging.  Since  1973,  the  number  of  picture  elements  has  increased  from  a 
few  thousand  to  the  most  recent  announcement  of  a  2-million  pixel  imager2 
by  Toshiba,  thus  giving  a  three  orders  of  magnitude  increase  in  pixel 
density  in  15  years.  Of  course  these  advances  have,  in  general,  followed 
the  advances  in  dynamic  random  access  memory.  During  the  same  15-year 
period,  the  D-RAM  has  also  increased  in  memory  by  three  orders  of 
magnitude,  from  4  kilobits  of  memory  in  1973  to  4 -megabit  memory  which 
were  reported  this  year  [Figure  l]  . 

These  advances  have  occurred  as  a  result  of  the  advances  in  VLSI 
technology  which  have  given  a  push  in  improvements  in  materials, 
equipment,  and  processes.  Sensors  have  been  developed  for  consumer, 
commercial,  and  industrial  applications.  Consumer  applications  range 
from  video  to  high-density  televisions  industrial  uses  include  robotic 
and  machine  vision,  electronic  imaging  for  advertising  and  communication, 
integrated  text  and  images  in  offices,  and  publishing.  In  the  areas  of 
defense  application,  we  are  moving  from  general  surveillance  applications 
to  imaging  applications  in  the  areas  of  robotic  battlefields  and 
intelligent  robotics. 

This  presentation  is  specifically  dedicated  to  advances  in  megapixel 
technology,  and  is  a  report  on  the  status  of  megapixel  sensor  development 
in  Europe,  Japan,  and  O.S.A.  In  this  paper,  we  will  start  with  a  brief 
background  review  of  CCD  technology  and  image  sensors. 

An  image  sensor  consists  of  photosensitive  elements  that  convert  incoming 
light  to  an  electric  charge  and  readout  structures  that  transfer  the 
charge  to  the  output.  Three  major  classes  of  photosensitive  elements  are 
in  use:  the  photodiode,  the  photocapacitor,  and  the  photoconductor.  The 
major  classes  of  readout  architectures  for  image  sensors  are  the 
frame-transfer  CCD,  the  interline  CCD,  and  the  x-y  addressed  metal  oxide 
semiconductor  array.  Photodiodes  have  better  sensitivity  in  the  blue 
compared  to  photocapacitors.  In  frame-transfer  architecture,  the  entire 
pixel  area  is  photosensitive  and,  as  such,  the  quantum  efficiency  is  high 
compared  to  the  pixel  in  interline  or  x-y  addressed  architecture. 
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The  motivation  foe  the  development  of  high-density  megapixel  sensors  is 

(i)  to  provide  the  consumer  with  high-quality  pictures  that  are 
comparable  to  the  pictures  of  traditional  silver  halide  photography,  and 

(ii)  as  sensors  for  high-definition  television  (HDTV) .  The  equivalent 
resolution  of  a  35  mm  film  is  of  the  order  of  20  million  pixels,  and  the 
requirement  for  high-definition  television  is  approximately  2  million 
pixels.  Until  1986,  most  of  the  work  that  has  been  done  in  the  solid 
state  imaging  area  based  on  CCD  technology  has  been  in  the  development  of 
sensors  that  had  pixel  densities  to  satisfy  NTSC  television  requirements 
and  were  usually  in  a  2/3-inch  format.  The  pixel  density  for  NTSC 
television  is  approximately  380,000.  A  large  number  of  companies  have 
pushed  the  technology  for  high-density  sensors  to  reduce  costs.  Thus, 
the  major  driving  force  for  continuing  to  push  CCD  technology  for  NTSC 
standard  has  been  price/performance.  Table  X  shows  the  list  of 

1/ 2-inch-format  CCDs  that  are  available  today.  As  such,  solid  state 
sensors  of  moderate  (200,000-400,000  pixels)  resolution  that  are 
compatible  with  NTSC  requirement  now  occupy  an  established  and  growing 
market . 

The  first  large-density  sensor  was  developed  by  TI  and  had  a  pixel 
density  of  640,000  elements.  Since  then,  there  are  at  least  eight 
companies  that  have  announced  products  with  megapixel  resolution  sensors: 
Ford  Aerospace,  Kodak,  NEC,  Sony,  Tektronix,  Texas  Instruments,  Thompson 
CSF,  and  Toshiba.  Table  IX  gives  a  comparison  of  the  pixel  density, 
pixel  size,  imager  area,  and  other  characteristics  of  the  various 
megapixel  sensors. 

Although  the  advances  in  the  megapixel  technology  have  mostly  resulted 
from  the  advances  in  semiconductor  technology,  there  are  specific  sensor 
considerations  such  as  sensor  architecture,  pixel  size,  signal,  noise, 
blooming  control,  color  filters,  and  others  that  must  be  addressed. 

Sensor  considerations  can  vary  with  the  specific  application.  For 
example,  the  Tektronix  imager-3  was  designed  for  astronomical 
applications,  has  a  pixel  size  of  27  x  27  par,  and  has  a  chip  size  of  55  x 
55  mm2.  The  Kodak  megapixel  sensor4has  a  higher  pixel  density  of  1320  x 
1035  and  a  pixel  size  of  only  6.8  x  6.8  pa2-  and  is  compatible  for 
2/3-inch  TV  format. 

To  keep  the  total  size  of  the  device  small,  TI  developed  the 
virtual-phase  CCD  technology  and  Kodak  developed  the  true-two-phase  CCD 
technology.  Reducing  the  size  of  the  pixel  to  keep  the  chip  size  small 
has  an  added  problem  in  that  the  charge  handling  capacity  of  the  pixel  or 
the  amount  of  signal  per  pixel  becomes  low.  Appropriate  architecture 
such  as  the  frame  transfer  device  is  generally  employed  for  sensor  design 
to  take  advantage  of  the  large  fill  factor.  Appropriate  scaling  of  the 
pixel,  from  both  design  as  well  as  processing,  -can  immensely  help  the 
charge  handling  capacity  of  an  image  sensor,  as  has  been  well 
demonstrated  in  the  development  of  megapixel  sensor  technology  at  Kodak.4 
The  charge-handling  capacity  of  imagers  can  also  be  increased  by  putting 
photoconductive  overlayers  on  CCDs.  With  this  scheme,  the  diode  in  the 
pixel  that  is  generally  used  as  a  photosensitive  element  becomes  a  charge 
storage  medium,  and  the  total  pixel  containing  the  diode,  the  transfer 
gate,  and  the  output  structure  now  has  a  photoconductive  overlayer  and  is 
nearly  100  percent  photosensitive.  This  scheme  has  been  utilized  by 
Toshiba2  to  make  a  2-million-pixel  CCD.  To  maintain  a  high 
signal-to-noise  ratio,  the  low-signal  handling  capacity  of  small  pixels 
puts  pressure  on  devising  ways  to  reduce  the  noise  levels  in  the  sensors 
to  a  very  low  level.  In  addition  to  using  ultra-high  purity  silicon 
wafers,  intrinsic  gettering  techniques  are  commonly  employed  to 
precipitate  impurities  towards  the  center  of  the  wafer,  giving  rise  to  a 
50-75-um-deep  denuded  zone  at  the  surface  on  which  devices  can  be 
fabricated. 
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One  can  further  reduce  the  noise  by  designing  highly  sensitive  output 
amplifiers.  One  example  of  such  a  highly  sensitive  amplifier  is  the 
floating  diffusion  electrometer,  which  was  designed  at  Kodak4  to  achieve 
an  output  structure  noise  level  of  only  15  RMS  electrons.  Other 
amplifier  designs  have  been  reported  with  RMS  noise  as  low  as  ~1 
electron,  but  at  a  cost  of  processing  complexity.  There  are  other  noise 
sources  in  the  CCDs  that  can  be  diminished  by  clever  design  and  signal 
processing  techniques.  The  CCD  dark  currents  have  been  reduced  down  to 
.03  nanoamp  per  sq.  cm.  The  signal  handling  capacity  of  many  CCD  imagers 
is  such  that  a  dynamic  range  as  high  as  70  dB  has  been  reached. 

As  the  size  of  the  pixel  becomes  small  and  the  number  of  pixels 
increases,  signal  overload  (blooming) ,  which  is  generally  a  problem  with 
all  solid  state  sensors,  becomes  even  more  significantly  difficult.  For 
larger  pixel  formats,  it  is  possible  to  use  simpler  schemes  such  as 
lateral  overflow  drain  for  blooming  control.  However,  with  smaller  pixel 
sizes,  this  is  not  possible.  Therefore,  antiblooming  techniques  using 
vertical  overflow  drain  become  extremely  important.  These  require 
careful  modeling  and  simulation  of  several  ion  implantations  and 
diffusions  in  order  to  accomplish  a  higher  blooming  control  factor. 

For  many  consumer  and  commercial  applications,  it  is  necessary  to  have 
single-chip  color  sensors.  This  is  required  nc  :  only  for  keeping  the 
cost  of  electronic  image  capture  systems  down,  but  to  reduce  the 
complexity  of  the  cameras.  Once  again,  there  are  a  number  of  color 
filter  schemes  such  as  the  checkerboard  pattern  and  color  stripes. 

These,  too,  require  extensive  modeling  and  simulation  to  ascertain  the 
optimization  of  color  filter  design  for  a  given  system  application.  It 
is  important  that  in  the  design  of  image  sensors,  the  specifications  are 
well  defined  so  that  the  above-mentioned  sensor  considerations  can  be 
optimized. 

CONCLUSIONS 


To  summarize,  we  have  seen  rapid  development  in  the  performance  of  solid 
state  imaging  devices  which  has  paralleled  the  advances  in  DRAM 
technology.  This  has  been  accompanied  by  cost  reductions  and  widespread 
availability  of  such  sensors  for  a  variety  of  applications,  while 
extrapolations  for  future  developments  in  DRAM  development  are  commonly 
made,  it  seems  unlikely  that  imaging  devices,  which  are  analog  in  nature, 
can  continue  at  the  3ame  pace.  This  is  due  to  fundamental  limitations 
such  as  the  absorption  length  of  visible  light  and  to  photon  counting 
statistics.  Continued  progress  is,  however,  expected  in  device 
performance  and  image  perfection  as  the  technology  for  VLSI  devices 
develops . 
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CCD  Pixels  vs  DRAM  Bits 


"Moore's  Law"  Curve  Viewing  DRAMS  vs  Year. 
Imagers  are  shown  by  open  circles.  Imager 
pixel  density  has  progressed  at  the  same  rate 
as  DRAMS. 


Figure  1 


TABLE  I 
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1/2-ISCH  FORMAT  CCD 


COMPANY 

DATE 

ARCHITECTURE 

PIXEL 

NO. 

H  x  V 

PIXEL 

SIZE 

H  X  V  UD 

Matsushita 

1964 

ILCCD 

404x506 

17.2x10 

1984 

ILCCD 

404x490 

15.1x8.8 

Mitsubishi 

1985 

CCPD 

510x485 

13x10 

1985 

MOS 

400x480 

16x10 

NEC 

1986 

ILCCD 

768x490 

8. 4x9. 8 

Philips 

1985 

Accord ian 

CCD 

604x576 

10x15.6 

1988 

Accord ian 

CCD 

806x490 

8.05x19.8 

Sanyo 

1984 

FTC  CD 

400x542 

17x10 

Sony 

1986 

ILCCD 

510x492 

12.2x9.9 

Texas 

Instruments 

1986 

FTCCD 

774x488 

8.5x19.8 

Toshiba 

1986 

ILCCD 

570x497 

11.5x10 

TABLE  II 

MEGAPIXEL  SENSORS 


COMPANY 

DATE 

ARCHITECTURE 

SIZE 

PIXEL 

NO. 

H  x  V 

PIXEL 

SIZE 

H  x  V  urn 

Ford 

Aerospace 

1988 

FFCCD 

1" 

1024x1024 

12x12 

Kodak 

1986 

FFCCD 

2/3" 

1320x1035 

6. 8x6. 8 

NEC 

1986 

ILCCD 

1* 

1280x970 

9. 9x9. 8 

Tektronix 

1986 

FFCCD 

5 5x5 5mm 

' 

2048x2048 

27x27 

Texas 

Instruments 

1987 

FTCCD 

2/3" 

1024x1024 

12x12 

Thompson 

CSF 

1987 

FTCCD 

20x20mm 

1024x1024 

19x19 

Toshiba 

1988 

IL  Si 

1" 

1420x1036 

7. 3x7. 6 
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TIME  DEPENDENT  BEHAVIOUR  OF  FIELD  LIMITING  RING  PASSIVATION  SYSTEMS 

M.K.  JOHNSON,  D.J.  COE,  A.D.  ANNIS  and  J.N.  SANDOE 

Philips  Research  Laboratories,  Cross  Oak  Lane,  Redhill, 

GB-Su rrey  RHl  5HA,  Great-Britain 


Abstract 

Off-state  modelling  is  used  extensively  within  Philips  to  design  field  limiting  ring  passivation  systems 
for  switching  devices.  However,  no  work  has  been  done  to  ensure  that  the  quasistatic  approach  is 
valid  in  the  transient  case.  This  paper  presents  the  results  of  fundamental  simulations  of  the  pulsed 
operation  of  a  device  with  a  field  limiting  ring.  These  are  used  to  describe  the  ring's  time  dependent 
behaviour  in  detail  and  so  to  Identify  possible  pitfalls  In  the  conventional  design  approach. 


Introduction 

Field  limiting  rings  represent  a  technique  widely  exploited  for  the  edge  passivation  of  discrete  power  devices. 
By  reducing  the  electric  field  from  junction  curvature  and  surface  effects,  a  suitable  field  limiting  ring  system 
can  give  devices  a  breakdown  voltage  approaching  that  of  bulk  silicon  (see,  for  example,  Kao  and  Wolley  [f  J). 

Presently  field  limiting  ring  passivation  schemes  are  designed  within  Philips  using  an  off-state  device  simulator 
and  it  is  assumed  implicitly  that  a  device  whose  electric  field  distribution  is  optimised  for  off-state  operation 
will  also  work  safely  under  transient  conditions.  Since  many  power  devices  are  used  in  circuits  where  they 
are  switched  at  high  frequencies  (eg  switched  mode  power  supplies),  the  validity  of  this  assumption  is  critical 
to  the  design  methodology.  Previously  no  attempt  has  been  made  to  verify  this. 

This  paper  presents  fundamental  modelling  results  from  the  pulsed  operation  of  a  device  with  a  field  limiting 
ring.  The  results  are  used  to  illustrate  the  mechanism  by  which  the  floating  ring  operates  under  switching 
conditions  and  indications  are  given  as  to  whether  such  behaviour  could  ever  become  dangerous. 


Simulation  Results 

The  simulations  were  carried  out  at  a  fundamental  level.  In  other  words,  the  detailed  distributions  of  potential 
and  mobile  charge  carriers  throughout  the  device  were  predicted  by  performing  a  consistent  solution  of 
Poisson's  equation  and  the  time  dependent  electron  and  hole  continuity  equations.  The  device  simulated  is  a 
p'n  diode  with  one  p'  floating  ring  (see  Figure  1)  which  was  subjected  to  two  reverse  biassing  voltage  pulses 
as  shown  in  Figure  2.  Figure  3  depicts  the  resulting  current  flow,  mainly  displacement  current,  and  the 
variation  in  the  ring  voltage  (ie  the  voltage  at  which  the  ring  floats).  To  explain  the  behaviour  of  the  ring  in  this 
switching  device,  it  is  convenient  to  divide  its  operation  (and  hence  Figure  3)  into  eight  regions. 

When  the  first  pulse  commences  (region  1),  the  depletion  region  around  the  main  junction  begins  to  expand. 
The  current  waveform  has  the  expected  shape  for  a  diode  subjected  to  a  constant  voltage  ramp.  At  ~0.2 ps  a 
hump  of  current  occurs.  This  coincides  with  the  onset  of  punchthrough  between  the  main  junction  and  the  ring 
and  is  caused  by  the  increased  capacitance  of  the  system.  Displacement  current  Is  now  supplied  by  both  the 
main  junction  and  the  ring  junction.  Figure  4(a)  clearly  displays  the  electric  field  pattern  at  the  surface  of  the 
device  during  punchthrough.  The  plot  of  hole  concentration  in  Figure  5  shows  the  expanding  depletion  region 
around  the  ring  and  the  space  charge  produced  by  the  punchthrough  current. 

Punchthrough  current  continues  at  a  high  level  until  the  main  junction  voltage  slops  falling  (at  1 1re  end  of  region 
2).  During  this  time  the  voltage  difference  between  the  main  junction  and  the  ring,  that  is  the  punchthrough 
voltage,  gradually  increases.  This  "fan-out"  effect  is  due  to  the  two-dimensional  nature  of  the  device. 
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When  the  main  junction  voltage  stops  falling  and  remains  steady  at  -200V  (region  3),  the  displacement  current 
riuickly  diminishes  to  leave  only  the  leakage  current  of  the  reverse  biassed  diode.  The  ring  voltage  suffers  a 
further  slow  fall  due  to  the  decay  of  displacement  current  between  the  ring  and  the  main  junction  and  hence 
the  disappearance  of  the  voltage  drop  required  to  support  it. 

As  the  main  junction  voltage  rises  (region  4),  the  ring  voltage  rises  with  it  although  at  a  markedly  slower  rate. 
Throughout  this  phase  of  operation  there  is  no  conductive  path  between  the  ring  and  the  main  junction  as  can 
be  seen  from  the  electric  field  distribution  at  the  surface  of  the  device  in  Figure  4(b)  and  the  hole  concentration 
in  Figure  6.  This  change  in  the  ring  voltage  is  surprising  because  the  only  apparent  mechanism  by  which  its 
stored  charge  (and  hence  voltage)  could  rise  is  by  generation  of  electron-hole  pairs  in  the  depletion  region. 
It  can  be  shown  that  current  from  such  sources  is  far  too  small  to  explain  the  observed  rate  of  change  of  the 
ring  voltage.  In  fact,  the  cause  of  the  ring's  behaviour  is  simply  the  electrostatic  coupling  of  two  isolated 
charged  bodies,  ie  Coulomb  interaction.  So  it  is  not  the  internal  charge  on  the  ring  but  the  electric  fields 
external  to  the  ring  which  are  causing  the  ring  voltage  variation. 

A  change  in  the  rate  of  rise  of  the  ring  voltage  coincides  with  a  second  sudden  jump  in  current  (at  the  start  of 
region  5).  The  cause  is  the  reappearance  of  punchthrough  and  so  a  conductive  path  between  the  ring  and  the 
main  junction  once  more  exists.  This  is  demonstrated  by  the  plot  of  electric  field  in  Figure  4(c)  and  the  plot 
of  hole  concentration  in  Figure  7.  This  time  holes  flow  onto  the  ring,  since  it  is  more  negative  than  the  main 
junction,  and  its  depletion  region  slowly  collapses.  It  is  this  displacement  current  that  causes  the  sudden 
increase  in  the  rate  of  rise  of  the  ring  voltage.  The  fan-out  effect  is  again  noticeable. 

When  the  ring  voltage  reaches  0V  (region  6),  punchthrough  ceases  and  the  ring  is  left  floating  at  some  voltage 
below  ground.  The  charge  on  it  can  now  only  decay  by  leakage  current  due  to  generation  of  carriers.  So  after 
10f<s  when  the  second  pulse  is  applied  there  is  still  a  voltage  remaining  on  the  ring  which  has  the  effect  of 
raising  the  contact  voltage  required  to  initiate  punchthrough.  This  is  noticeable  in  the  current  waveform  as  a 
shift  in  the  time  at  which  punchthrough  occurs  and  the  current  hump  appears  (see  Figure  8).  Note  that  the 
effect  of  electrostatic  coupling  between  ring  and  main  junction  reappears  during  region  7. 

To  summarise,  the  device's  behaviour  shows  the  following  features:- 

•  the  displacement  current  variation  with  time  shows  fine  structure  superposed  on  the  normal  waveform  for 
a  diode.  This  is  due  to  the  onset  of  punchthrough  to  the  field  limiting  ring. 

•  due  to  electrostatic  coupling  effects,  a  change  in  the  contact  voltage  causes  a  change  in  the  ring  voltage 
even  when  there  is  no  conductive  path  connecting  the  two  regions. 

•  at  the  end  of  the  first  pulse  the  ring  is  left  charged  and  hence  floating  at  a  voltage  below  ground. 

•  fan-out  is  observed,  ie  the  ring  voltage  does  not  change  at  the  same  rate  as  the  contact  voltage. 

The  first  three  effects  are  purely  transient  phenomena  and  cannot  be  modelled  quasistatically  by  off-state 
simulations. 


Experimental  Verification 

Experimental  observations  of  displacement  current  show  similar  features  to  those  seen  in  the  simulations. 

Figure  9  shows  the  current  waveform  for  a  BU508  bipolar  Iransistor  passivated  with  field  limiting  rings,  which 

is  subjected  to  repeated  voltage  pulses  where  the  contact  voltage  rises  al  a  rate  of  10V//is.  This  waveform 

shows  both:- 

•  fine  structure  in  the  form  of  several  humps.  These  features  are  much  smaller  than  the  ones  observed  in 
the  simulations  because  of  the  smaller  capacitance  of  the  rings  in  the  experimental  case. 

•  fine  structure  moving  down  the  waveform  as  the  pulse  repetition  rate  is  increased.  Again  this  is  because 
a  short  time  between  pulses  means  that  the  residual  charge  left  on  the  rings  at  the  end  of  one  pulse  does 
not  decay  significantly  before  the  next. 

Thus  the  experimental  observations  seem  consistent  with  the  simulation  results. 


Discussion  of  Results 

From  a  device  design  point  of  view,  the  peak  electric  field  within  the  device  is  the  quantity  of  importance  since 
this  determines  whether  the  device  will  breakdown.  The  variation  of  Ihls  with  time  is  shown  in  Figure  10.  Point 
B  on  this  waveform  gives  the  electric  field  predicted  by  off-state  simulations.  It  can  be  seen  that  the  electric 
field  peaks  twice  during  the  first  pulse,  at  A  and  C,  and  not  at  B.  The  difference  in  electric  field  between  A  and 
B  arises  from  the  voltage  drop  necessary  to  support  the  flow  of  punchthrough  current  between  the  main 
junction  and  the  ring.  Thus  the  size  of  this  difference  will  depend  on  the  resistance  of  the  punchthrough  path 


(ie  the  device  structure),  the  voltage  ramp  rate  and  the  capacitance  of  the  ring  system.  In  the  simulations 
shown  here  this  difference  is  less  than  2%  and  in  most  devices  will  be  fairly  small. 

The  peak  electric  field  at  C  is  dictated  by  the  voltage  required  to  punchthrough  from  the  ring  to  the  main 
junction.  In  most  devices  this  is  very  close  to  the  voltagd  needed  for  punchthrough  from  the  main  junction  to 
the  ring.  However,  point  C  occurs  at  the  end  of  region  4\on  Figure  3  when  electrostatic  coupling  has  already 
lowerecf  the  voltage  on  the  ring  and  the  punchthrough  vdJtage  has  dropped  due  to  the  fan-out  effect.  So,  it 
would  require  a  device  with  very  asymmetric  punchthrough  voltages  for  the  field  at  C  ever  to  exceed  that  at 


Conclusions 

The  results  from  the  fundamental  simulations  have  revealed  in  detail  the  mechanism  underlying  the  transient 
operation  of  devices  with  field  limiting  ring  passivation  systems.  This  turned  out  to  be  more  complicated  than 
initially  envisaged.  Experimental  work  has  reproduced  some  of  the  effects  seen  in  the  simulation  results  and 
hence  supports  their  validity. 

The  simulations  suggest  that  the  electric  fields  present  under  transient  operation  are  very  close  to  those  in  the 
steady  state  except  when  a  significant  voltage  drop  is  required  to  drive  punchthrough  current  between  the  ring 
arid  the  main  junction.  This  voltage  drop  Is  dependent  on  the  resistance  of  the  punchthrough  path,  the 
capacitance  of  the  ring  system  and  the  voltage  ramp  rate, 

Our  improved  understanding  of  the  behaviour  of  field  limiting  rings  in  switching  devices  has  lead  to  greater 
confidence  in  the  current  quasistatic  design  methodology  as  well  as  indicating  Its  potential  limitations. 


[1J  Y.  Kao  and  E.  Wolley,  "High  Voltage  Planar  p-n  Junctions".  Proc.  IEEE,  55(8),  August  1967. 


Figure  t.  oiode  edge  passivated  with  one  floating  ring 


Figure  3  Devices  behaviour  divided  into  regions 


Figure  2.  Pulses  applied  to  the  main  junction  contact 


Electric  Field  v/cm 
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c)  t=lOl  725ps  Punchthrough 
from  ring  to  junction 


30  45  60  75 

X  (pm)  xtO*3 


Figure  4.  Plots  of  |e|  along  the  line  X-Y. 


Figure  7  Hole  concentration  t=  101.725ns 


Figure  9.  Current -time  curves  at  different 
repetition  times  for  BU508 


Figure  5.  Hole  concentration  t  =  0  7ns 


Figure  6.  Hole  concentration  t  s  101 . 4  ns 
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Figure  10  Peak  electric  field  v  time 
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3D  MOSFET  DEVICE  EFFECTS  DUE  TO  FIELD  OXIDE 

M.  THURNER  and  S.  SELBERHERR 

Institut  filr  Allgemelne  Elektrotechnlk  und  Elektronlk,  Technlsche 
Universlt&t  Wien.  Gusshausstrasse  27-29,  A-1040  Wien,  Austria 


Abstract  -  This  paper  presents  3D  effects  of  MOSFET’s  due  to  the  nonplanar  nature 
of  the  field-oxide  body.  The  investigations  have  been  carried  out  by  MINIMOS  5  our 
fully  three-dimensional  simulation  program.  Three-dimensional  effects  like  threshold 
shift  for  small  channel  devices,  channel  narrowing  and  the  enhanced  conductivity  at 
the  channel  edge  have  been  successfully  modeled. 

1  Introduction 

The  shrinking  dimensions  of  the  elements  of  IC’s  require  suitable  device  models  in  physics  and 
mathematics  for  accurate  simulation.  The  usual  two-dimensional  device  simulations  describe  fairly 
well  the  electrical  characteristics  for  wide  channel  transistors  but  the  advanced  VLSI  technology  led 
to  serious  problems  in  modeling  very  narrow  channel  devices  and  therefore  a  great  demand  appeared 
for  3D  simulations.  The  three-dimensional  effects  in  MOSFET’s  like  the  shift  of  the  threshold 
voltage,  enhanced  conductivity  or  the  large  depletion  region  near  drain  at  the  channel  edge  caused 
by  the  finite  channel  width  are  not  taken  into  account  by  the  two-dimensional  simulations  [1];  the 
2D  programs  are  meanwhile  state  of  the  art.  Accurate  investigations  of  the  previously  stated  effects 
and  the  knowledge  of  increased  current  densities  under  certain  bias  conditions  at  the  channel  edge 
are  important  not  only  for  studying  the  electrical  device  characteristics  but  also  for  aging  effects 
[2]-[3|.  A  realistic  physical  model  and  suitable  mathematical  algorithms  have  been  developed  to 
simulate  the  previously  stated  three-dimensional  effects. 

We  shall  report  in  Chapter  2  about  the  physics  and  the  mathematics  on  which  the  simulations  are 
based.  In  addition  we  shall  present  the  device  structure  and  a  consideration  of  some  aspects  of  the 
oxide  body  of  the  MOSFET. 

The  results  of  our  simulations  carried  out  by  MINIMOS  5  are  reported  in  Chapter  3  and  will  be 
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discussed  there,  too. 


2  Physical  and  Mathematical  Aspects 

The  basic  equations  which  are  implemented  in  our  MINIMOS  to  describe  current  flow  in  silicon  differ 
only  slightly  from  the  conventional  equations.  The  Poisson  equation  and  the  continuity  equations  for 
electrons  and  holes  are  ’the’  established  basic  equations  which  are  commonly  in  use.  A  derivation 
of  these  equations  can  be  found  in  e.g.  (7j.  The  current  relations  for  electrons  and  holes  are 
somehow  different  from  the  conventional  drift-diffusion  relations.  They  include  the  hot  electron 
transport  effect.  Detailed  information  on  the  ’hot-electron-transport’  model  can  be  found  in  [6,9]. 
In  addition  to  the  well  known  boundary  conditions  for  the  Poisson  equation  and  the  continuity 
equations  we  have  to  implement  a  boundary  condition  for  the  mobilities.  We  set  the  driving  force 
F  as  in  (1). 

AU*  =  o  (i) 

If  we  neglect  this  boundary  condition  we  get  unrealistic  mobilities  near  the  interfaces.  For  solving 
the  set  of  differential  equations  we  apply  for  discretisation  the  box  integration  method  after  Forsythe 
[10]  to  deal  with  the  boundary  conditions  of  the  nonrectangular  simulation  region.  The  linearized 
equations  are  solved  by  the  SOR  method  and  the  GauB-elimination  [4], [5], [8].  The  geometry  of 
the  3D  MOSFET  model  is  given  in  Fig.  1.  We  implemented  an  approximation  to  the  complete 
oxide-volume  which  can  be  seen  in  Fig.  2.  The  upper  plane  denotes  the  interface  of  the  oxide  to 
the  contacts  and  the  surrounding  volume,  respectively.  The  lower  plane  denotes  the  interface  of 
oxide  and  semiconductor.  The  definition  of  the  interface  is  quite  general  and  can  be  varied  in  a  wide 
range.  The  gate  contact  is  filled  in  the  middle  of  the  upper  plane,  the  Source  and  Drain  contacts 
are  on  the  left  and  right.  In  the  middle  in  the  gate  region  the  distance  of  the  upper  and  lower  plane 
equals  the  gate-oxide  thickness.  The  drain  currents  calculated  by  2D  and  3D  simulations  cannot  be 
compared  in  a  straight  forward  manner  if  the  field  oxide  is  nonplanar.  The  oxide  reduces  gradually 
the  channel  width  which  is  given  by  the  mask  specifications.  Therefore  we  introduce  an  effective 
channel  width  wejj  for  the  2D  current  calculation  instead  of  the  given  mask  width.  The  effective 
channel  width  is  calculated  by  (2) 


»«// 


(2) 


o 

w  is  the  width  specified  by  the  mask,  Dch  denotes  the  channel  depth,  1/2  denotes  half  of  the  channel 
length,  fox(z)  is  the  function  which  describes  the  geometry  of  the  channel  in  width  direction. 


3  Results  and  Discussion 

The  geometry  of  the  investigated  3D  MOSFET  is  given  in  Fig.  1:  an  n-channel  MOSFET  with  an 
lfim  x  l (tm  channel  and  gate  oxide  of  15nm.  For  demonstrating  the  effects  at  the  channel  edge 
we  select  two  different  bias  points.  The  first  is  near  threshold  with  Us  =  Ug  =  0.0K,  Up  =  3. OK, 
Ua  =  1.0K  (the  threshold  voltage  for  this  device  is  Uth  ~  0.75K).  The  potential  distribution  in 
channel  length  and  width  direction  at  the  semiconductor/gate-oxide  interface  is  shown  in  Fig.  3. 
(This  plane  penetrates  into  the  field  oxide  near  the  contact  boundary  of  Source  and  Drain.)  The 
corresponding  minority  carrier  distribution  is  given  in  Fig.  4.  A  remarkable  depletion  region  at  the 
drain  side  causes  the  channel  charge  to  be  smaller  (under  certain  bias  conditions)  than  predicted 
by  2D  simulations.  The  second  bias  point  is  far  above  threshold  Us  =  Up  =  0.0K,  Up  =  1.0K, 
Ur,  =  3. OK.  The  corresponding  potential  distribution  can  be  seen  in  Fig.  5.  The  location  of  the 
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plane  for  which  the  distribution  is  drawn,  is  the  same  as  at  the  previous  bias  condition.  The  high 
increase  of  the  potential  distribution  out  of  the  channel  is  due  to  the  gate  contact  overlapping  the 
field  oxide.  Abo  interesting  is  the  minority  carrier  distribution  (Fig.  6),  which  shows  the  enhanced 
conductivity  at  the  semiconductor  field-oxide  interface.  Note  that  only  one  half  of  the  channel 
width  is  shown  in  Fig.  3  -  Fig.  6;  —0.5 pm  denotes  the  middle  of  the  channel  width  and  0.0 fj.m  the 
boundary  of  Source  and  Drain  contacts.  The  effect  on  the  device  characteristics  of  these  effects 
depends  on  the  gradient  of  the  bird’s  beak  and  the  channel  width.  A  high  gradient  in  the  field 
oxide  shape  results  in  high  parasitic  current  at  the  channel  edge;  this  effect  is  less  significant  for  low 
gradients.  Narrow  channel  devices  with  high  gradient  have  much  higher  currents  than  predicted  by 
2D  calculations  while  the  agreement  with  2D  simulations  is  good  for  wide  channel  devices  in  any 
case.  Using  a  low  gradient  in  bird’s  beak  we  get  a  very  smooth  potential  distribution  compared  to 
a  nearly  rectangular  shape. 
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Fig.  1:  Perspective  view  of  the  three-dimensional  MOSFET 
structure. 


Fig. .3:  3D-plot  showing  a  detailed  view  of  the  surface  poten¬ 
tial  at  the  channel  edge  along  the  channel  length  at 
bias  Ups  =  3. OF,  Ugs  —  0.0F,  U< ; >■  =  1.0F. 


Fig.S:  3D-plot  showing  a  detailed  view  of  the  surface  poten¬ 
tial  at  the  channel  edge  along  the  channel  length  at 
bias  Ups  -  1.0F,  UBs  =  0.0 V,  U„s  =  3.0F. 


Fig. 2:  Oxide  body  of  the  MOSFET  structure  (the  oxide  is 
between  the  upper  and  lower  plane). 


Fig.4:  3D-plot  showing  a  detailed  view  of  the  minority  carrier 
density  at  the  channel  edge  along  the  channel  length 
at  bias  Ups  =  3. OF,  Ugs  —  0.0F,  U <: s  =  1.0F. 


Fig.6:  3D-plot  showing  a  detailed  view  of  the  minority  carrier 
density  at  the  channel  edge  along  the  channel  length 
at  bias  Ups  —  1.0F,  Ugs  —  0.0F,  Ur;s  ~  3. OF . 
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NOVEL  CALCULATIONS  IN  THE  FIELD  OF  ACCURATE  ANALYTICAL  MOS  TRANSISTOR 
MODELLING 


L.  LAUWERS  and  K.  DE  MEYER*  1  ’ 

IMEC,  Kapeldreef  75,  B-3030  Leuven.  Belgium 

R£sum£:  Des  calculs  analytiques  d6taill6es,  &  partir  de  quelques  modules  physiques  de  base,  prouvent  que  le  courant  dans  un 

transistor  &  canal  court  peut  4tre  pr&isdment  ddtermind,  sans  que  le  nombre  de  paramfetres  empiriques  augmente.  En 
plus,  il  est  ddmontrd  que  quelques  unes  des  approximations,  sur  lesquelles  beaucoup  de  modules  actuels  sont  basis,  soni 
inconrectes,  et  que  les  adaptations  retires  manquent  de  base  physique. 

Abstract:  Extended  analytical  calculations,  starting  from  basic  physical  models  with  only  few  assumptions  made,  prove  that 
the  drain-source  current  for  a  wide  range  of  MOS  transistor  geometry,  can  be  accurately  determined  using  one  single 
model,  without  enlarging  the  number  of  empirical  parameters.  Furthermore,  il  is  proven,  that  some  of  the 
assumptions,  on  which  lots  of  actual  models  rely,  are  incorrect,  and  the  related  empirical  improvements  commonly  in 
use  lack  physical  background. 


1.  Situation 

In  most  circuit  simulators  today  relatively  simple  analytical  transistor  models  are  being  used.  These  models  do 
compromise  accuracy  with  respect  to  minimizing  computational  effort  mainly  because  of  the  large  amount  of 
transistors  to  simulate.  However,  the  urge  for  reliable  simulation  of  complex  VLSI  circuits  emphasizes  the  need 
for  more  accurate  analytical  device  models  valid  over  a  broader  range  of  device  dimensions  and  operating 
conditions.  In  current  models  too  often  one  still  relies  on  approximations  with  very  limited  applicability  and 
which  even  already  have  become  invalid  for  a  long  time. 

In  this  work  detailed  calculations  with  only  a  limited  amount  of  assumptions  and  simplifications  were  made  in 
order  to  obtain  accurate  short  channel  MOS  model  equations,  suitable  for  medium-size  digiH  designs,  as  well  as 
analog  applications  and  device  investigation  (e.g.  parameter  sensitivity  analysis).  We  propose  new  threshold  and 
mobility  models,  valid  for  both  long  and  short  channel  devices,  based  on  sound  physical  principles. 


2.  Model  improvements 

We  started  from  the  basic  device  physics  models,  which  are  commonly  used  and  at  this  moment  still  prove 
their  validity,  as  long  as  one  doesn't  make  wrong  approximations.  Carrier  mobility  and  velocity  are  well 
described  as  a  function  of  the  lateral  field  Eie  and  normal  field  E^tr  at  a  certain  point  c  in  the  channel  [1][2]  by: 


and 


vc  = 


HcE,lg _ 

,+ 

vmax 


Me* 


MO  _  MO 
R(c)  1+  0.  Eneff 


with  Elc  =  ^ 

with  Eneif-^^-^^- 

ESI 


In  each  point  between  source  and  drain,  an  effective  normal  field,  Eneff,  is  considered,  which  is  typical  for 
the  mobility  reduction  at  that  point.  Assuming  Eneff  to  be  the  average  of  the  surface  field  at  the  interface  and  the 
depletion  field  at  the  back  of  the  inversion  layer,  C-0.5  [5J.  However,  we  found  C  to  be  quite  lower,  which 
reduces  the  weight  of  the  inversion  charge  in  reducing  the  mobility. 

The  sheet  cun-ent  Jl.  written  as  Jl  =  Qinv(Vc)  vc ,  can  now  be  integrated  in  Schockley-style[l][8],  while  the 
mobility  reduction  term  R(c)  is  now  considered  to  be  dependent  on  the  position  in  the  channel.  Hence,  the  current 
equation  depends  on  expressions  of  both  inversion  and  depletion  charge  integrated  from  source  to  drain. 


^  Professor  at  the  Katholieke  Universiteit  Leuven  and  Research  Associate  of  the  Belgian  National  Found  for  Scientific  Research. 
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Jl  =  mo 


1  + 


El 

vmaxL 


with  R(VC)  =  1+  9.  (£.  Qinv  +Qdep) 


0 

At  this  point,  three  basic  ideas  do  fundamentally  differ  from  classical  calculations  in  this  area,  and  enable  us 
to  achieve  high  model  accuracy,  without  introducing  any  new  parameter. 

First,  it  is  emphasized  that  both  inversion  and  depletion  charge,  given  by 

Qinvfc)  =  Cox  (VGS  -  Vth(c))  with  VTh(c)  =  VFB  +V(c)  +  7(c)  Vyfc)’ 

Qdep(c)  =  Cox  7(c)  Vy(c) 

where  y(c)  =  2<t>F  -Vbs  +Vc  is  the  local  potential  drop  from  the  surface  to  the  bulk,  do  vary  from  source  to  drain, 
as  Vc,  being  the  channel  potential,  raises  from  OV  at  the  source  to  Vos  at  the  drain. 

Furthermore,  it  can  be  seen  that,  as  7  is  determined  by  the  average  doping  level  for  the  local  depletion  layer 
depth,  a  variable  substrate  doping  concentration  invalidates  the  use  of  a  single  bulkfactor  7,  not  only  for 
different  Vbs  biases,  but  also  for  each  applied  drain-source  voltage.  Therefore,  we  developed  a  satisfactory 
relationship  between  7  and  y,  which  causes  the  bulk-factor  to  be  dependent  on  both  Vbs  and  Vc: 

7(c)=  71+72-  (Vy(c)-V2<t>F)  +  73-  (V(c)  -  2<J>F) 

This  three-parameter  relationship  offers  an  appropriate  y  for  all  depths  of  the  local  depletion  layer,  within  the 
range  where  71.72  and  73  are  fitted  on  data.  71  keeps  its  physical  meaning  as  the  surface  bulk-factor  at  the 
source. 

Finally,  classical  threshold  voltage  models  are  lii.~arized,  using  the  Taylor  series  expansion  for  V y(c)  [3][4], 
where  some  correction  factors  have  to  account  for  the  errors  made  in  neglecting  higher  order  terms,  and  using 
the  expansion  outside  its  convergence  region.  This  doubtful  technique  can  simply  be  avoided  by  taking  Wc  =Vy(c) 
as  new  integration  variable.  Wc  then  varies  from  Wo=V2$pVg $  at  the  source,  to  Wfj=V2 4>f-Vbs+vDS  at  the  drain. 
Taking  above  considerations  rigourously  into  account,  leads  to  the  following  formulation  of  the  current: 

Wo 


■  „  w 

ids  =  moCqx-l  • 


1+-&T 

vmaxL 


Ti 


JW, 

RW£^C 


W0 

where  T(W)  and  R(W)  are  polynomials  in  Wc: 

T(WC)  =Ta  -TBWC  -TCWc2  -TDWc3  Wc  =  Vyicj" 

R(WC)  =  Ra  +RbWc  +RCWC2  dVc  =  2WcdWc 

In  both  numerator  and  denominator  polynomial,  only  the  first  terms,  Ta  and  Ra,  are  dominant,  and  depend  on 
the  applied  gate-  and  bulk-  voltage.  The  higher  order  coefficients  only  depend  on  the  model  parameters: 

TA=VGS  -vFB  -24>f  -7lV2«t>F  +  V2$f-Vbs  RA=1+9£Ta 

Tb=71  -72  V  2<1>f  -73  2<J>f  Rb=  8(I-0tB 

TC=  1+72  RC=  e(l-t)Tc-! 

Td=  73 

The  analytical  solving  of  this  current  integral,  which  is  not  explained  here,  leads  to: 


with: 


lDS  =  cbas-In^  +Cred.,n™  +Cwl-(WD-W°)  +CW2-(WD2-W02)  +Cw3-(Wd3-W03  ) 

W>„ — — 

2RC  wc  +Rb-VRb2-4RaRC _ 

Cbas=  2(-RbC  cTa+  (RBC2-2RAC)  C7&W  Rb2-4RaRc  RaC=ra/RC 
Cred=  (Cfa  -RBC  CTbV RC  RbC=Rb/Rc 

Cwt-  ICTbfRQ 

Cw2»  (Tc+  Rbc  tD)/Rc  Cto-  Ta  +  Rac  Tc  -  RacRbc  I'D 

Cw3“  -2Td/3/Rc  Cfb=  -Tb  +  RbC  tC  +  (RaC-rBC2)  Td 
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The  first  term  is  the  basic  current  carrying  term  which,  due  to  mobility  reduction,  results  in  a  logarithmic 
function  of  VdS-  In  the  first  order  zero-reduction  case  R(c)=l,  this  term  limits  to  (Vgs-VtH)vDS  The  second 
logarithm,  which  is  the  basic  mobility  reduction  term,  then  tends  to  0.  The  third  to  fifth  term  are  adjusting 
reduction  terms,  primarily  dependent  on  respectively  Tb,  Tc  and  To. 

3.  Implementation  in  a  CAD-model  and  remarks  on  data-fits 

After  introduction  of  some  classically  modelled  small  geometry  effects,  e.g.  drain  induced  barrier  lowering 
and  the  influence  of  the  bird's  beak  [3],  this  equation  is  implemented  in  a  full  CAD-model,  where,  for  device¬ 
investigation  purposes,  several  options  for  the  saturation  region  and  -voltage  are  provided  [3].  The  saturation 
voltage  is  determined  to  obtain  continuous  slope  in  the  transition  region. 

Fittings  have  been  carried  out  on  several  I-V  data  sets  by  our  parameter  extraction  program  S1MPAR  [6].  In 
the  saturation  region,  also  a  slope  fitting  is  performed,  which  is  adequate  for  analog  applications. 

Ids-Vgs,  Ids-Vds  fittings  for  the  new  model  are  shown  on  figs.l  to  6,  where  the  simulated  curves  (dotted) 
are  compared  vith  the  measured  data  (full  lines).  The  relative  RMS-residuals  are  never  above  1%,  for  short 
channel  as  well  as  for  long  channel  devices,  both  for  nMOS  and  pMOS. 


Fig.  1,2:  Ids-Vgs  data  fitting  with  the  new  model  for  long  channel  pMOS  (left)  and  nMOS  fright);  tox=23n;  Wm=20|i, 

Lm=20p 


Fig.  3,4: 


IDS-VDS  data  filling  in  the  triode  region  with  the  new  model  for  long  channel  pMOS  (left)  and  nMOS  (right); 
>ox=23n;  Wm=20ti,  Lm=20p 
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Fig.  5,6:  IDS-VDS  data  fitting  in  the  triode  region  with  the  new  model  for  short  channel  pMOS  (left)  and  nMOS  (right); 
tox=23n;  Wm=20p.,  Lefpl.3p 

As  we  compare  this  formula  with  other  models,  it  can  first  be  said  that  some  physical  parameters,  e.g. 
mobility  and  threshold  voltage,  loose  their  unique  device  definition,  as  their  values  and  effects  have  been  locally 
taken  into  account.  Furthermore,  in  view  of  the  obtained  accuracy  in  a  wide  range  of  data,  applied  voltages  and 
device  geometries,  one  can  conclude  that  earlier  commonly  made  approximations,  were  too  rough,  or  restricted 
to  a  small  validity  range.  Therefore,  it  is  not  surprising  that  parameters  that  resulted  from  these  approximations, 
f.i.  FB,  a,. . .  [3]  kept  causing  problems  either  in  the  short  channel  or  long  channel  model. 

It  is  remarked  that,  besides  by  the  series  resistance  and  the  saturation  velocity,  the  current  in  the  whole  triode 
region  is  only  influenced  by  two  small  geometry  parameters,  modeling  drain  induced  barrier  lowering  and  the 
bird's  beak.  No  other  parameters  are  involved. 

4.  Implementation  in  a  circuit  simulator 

The  full  CAD  model  has  been  integrated  for  testing  purposes  in  the  circuit  simulator  ELDO  [7].  Simulations 
are  now  being  done,  and  some  results  will  be  presented  at  the  conference. 

5.  Conclusions 

The  fitting  results  on  several  data  sets  are  very  accurate.  The  major  importance  of  these  detailed  calculations  is 
that  we  can  now  rely  on  a  closed  current  formula,  which  performs  unseen  accuracy  in  analytical  modelling.  One 
can  take  this  formula  as  a  starting  and  reference  point  for  making  ones  own  approximations,  possibly  deriving  a 
simplier  expression  the  accuracy  of  which  could  be  acceptable  for  certain  operation  conditions. 
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ABSTRACT 

An  approximated  analytical  solution  of  Poisson's  equation  for  the  short-channel  MOSFET  operating  in 
the  subthreshold  regime  is  presented.  It  is  shown  that  the  proposed  approach  predicts  a  dependence  of  the 
threshold  voltage  on  process  parameters  and  drain  and  substrate  voltages  in  very  good  agreement  with 
two-dimensional  analysis  and  with  available  experimental  data.  Finally,  the  method  of  this  work,  which 
permits  to  gain  a  factor  of  about  103  in  CPU  time  with  respect  to  numerical  modeling  for  threshold 
predictions,  seems  particularly  suited  for  statistical  modeling. 

1.  INTRODUCTION 

In  order  to  improve  circuit  performances  and  to  reduce  chip  size,  devices  used  in  today  MOS  VLSI  circuits  have 
very  small  channel  lengths  and/or  channel  widths.  Besides,  when  device  dimensions  are  scaled  down,  second-order 
phenomena,  such  as  drain  induced  barrier-lowering  and  influence  of  the  curvature  of  the  source  and  drain  junctions 
[1-2],  become  essential  in  establishing  the  electrical  behaviour  of  the  MOSFET.  As  a  consequence,  the  device 
performances  should  be  determined,  in  principle,  by  the  adoption  of  two-  (  or  even  three-  )  dimensional  device 
simulators  (see,  f.i.,  [3-6]  ). 

However,  these  simulators  are  very  time  consuming  and,  thus,  very  cost  effective  when  multiple  analyses,  such 
as  those  required  for  statistical  modeling,  must  be  performed.  On  the  other  hand  and  as  well  known:  i)  in  order  to 
develop  designs  with  the  aid  of  circuit  simulators,  circuit  designers  require  very  simple  (even  if  strongly 
approximated)  analytical  device  models,  while  ii)  in  most  cases,  device  designers,  to  get  a  general  view  of  the  way 
a  process  is  going  on  or  to  evaluate  the  spread  existing  between  the  characteristics  of  devices  processed  with  the 
same  or  with  different  runs,  are  interested  in  the  knowledge  of  only  a  few  device  parameters  of  the  MOSFET  (such  as 
threshold  voltage  and  gain  factor). 

The  purpose  of  this  paper  is  to  derive,  through  the  weighted-residual  method  [8],  an  approximated  analytical 
solution  of  the  two  dimensional  Poisson's  equation  for  a  short-channel  MOSFET  operating  in  the  subthreshold  region. 
In  particular,  it  is  shown  that  the  proposed  approach  is  able  to  predict  a  distribution  of  the  surface  potential  along 
the  channel  close  to  that  achievable  with  the  two-dimensional  simulator  HFIELDS  [6].  Besides,  this  approach  can 
also  satisfactorily  predict  the  dependence  of  the  threshold  voltage  in  short-channel  devices  for  a  wide  range  of 
values  of  both  device  parameters  (such  as  oxide  thickness,  junction  depth  and  substrate  doping)  and  bias  voltages. 
Finally.it  is  shown  that  with  the  analysis  of  this  work  threshold  voltage  predictions  can  be  achieved  with  a  reduction 
of  a  factor  of  about  103  in  CPU  time  with  respect  to  standard  numerical  analysers  [6];  this  result  enables  to  qualify 
the  approach  as  a  cheap  method  to  predict  the  sensitivity  of  threshold  voltage  on  fabrication  tolerances  in 
short-channel  MOSFETs. 


2.  MODEL  FORMULATION 

For  a  device  operating  in  the  subthreshold  regime,  by  neglecting  carrier  concentrations  Poisson's  equation  can 
simply  be  expressed  as 


in  the  semiconductor 

(  1  ) 

in  the  oxide 


where  4  is  the  electrostatic  potential,  Na  is  the  bulk  doping  and  es  the  permittivity  of  silicon. 

Eqs.  1  ,  once  defined  the  proper  boundary  conditions,  can  be  solved  by  means  of  standard  numerical  procedures 
[3-6],  However,  some  approximate  mathematical  methods  that  reduce  partial  differential  equations  to  a  set  of 
ordinary  differential  equations  are  available  and  more  easily  solved.  One  of  the  most  powerful  methods  is  the 
so-called  weighted  residual  approach  [8],  Following  this  technique  we  can  seek  for  an  approximate  solution  4'(x,y) 
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to  (  1  )  in  the  linear  form 


4(*. y)  =  ♦'(*. y)  =  X  aj  ♦  j ( *. y ) 
j  =  i 


(  2  ) 


where  $j(x,y)  are  independent  arbitrary  functions  to  be  properly  chosen  and  aj  are  coefficients  to  be  determined. 
The  errors,  or  residuals  (  RSj  and  Rox  ),  introduced  by  approximation  (  2  )  can  thus  be  defined  for  eq.  (  1  )  as 


R ,  = 


3 

3  x2 


q  Na 


In  the  silicon 


3  y 


(3a) 


and 


32  ♦  1  32  ♦’ 


Rox  =  — —  +  — —  in  the  silicon-dioxide  (3b) 

3  x  3  ; 

Usually,  to  reduce  the  residuals,  a  suitable  number  of  integrals  of  the  error,  weighted  in  different  ways  through 
some  weighted  parameters  Wk,  are  required  to  be  zero,  that  is 


J  Wk  Rr  dr  t  J  Wk  Rq  dQ  =  0  k  *  I.  2.  ....  n  ( 4  ) 

r  n 

where  r  is  the  boundary  of  the  domain  n  in  which  equations  (1)  have  to  be  solved, while  Rj-  and  Rq  are  the  residuals 
evaluated  along  r  and  inside  o,  respectively. 

In  this  work,  in  order  to  get  a  relatively  simple  and  low-time  consuming  approach,  we  choose  to  fit  the 
electrostatic  potential  with  a  simple  polynomial  in  x  and  y  with  independent  coefficients,  i.e. 


4  '  ( *.  y  ) 


t  2 

j  =  o  It  =  o 


j  k 
x  y 


0  <  n  <  2 
0<  m  <  3 


(  2'  ) 


Morever,  always  in  the  light  to  achieve  a  simple  analytical  formulation,  we  made  a  choice  of  the  relationship  (2') 
where,  by  imposing  the  boundary  conditions,  all  the  coefficients  result  as  functions  of  only  one  of  theme.  This 
results  in  a  strong  simplification  of  the  analysis  which  reduces  the  set  of  equations  (4)  for  the  residuals  to  one 
equation  only.  As  a  consequence,  the  evaluation  of  f  results  dependent  on  the  evaluation  of  one  parameter  ajlt  only. 

Now.  due  to  the  very  simple  formulation  (2')  for  ,  the  application  of  the  weigthed-residual  method  gives  a 
simple  linear  equation  for  the  minimum  value  <t>smin  of  the  surface  potential: 

♦smin  *  «  VGS  -  P  (  5  ) 


where  a  and  (5  are  numbers  which  depend  on  device  geometry,  device  physical  parameters  (  Na,  toX,  VFB  )  and  on 
bias  voltages. 


3.  SURFACE  POTENTIAL  AND  THRESHOLD  BEHAVIOUR 
An  example  of  the  behaviour  achievable  for  the  surface  potential  along  the  channel  of  the  device  4>s(y)  by  using 
the  approach  presented  in  this  work  is  shown  in  Fig.  1.  Device  parameters  were  L=1.5  pm,  Na=  1016  cm'3, 

1018  cm'3,  toX=  25  nm,  xj=  0.25  pm,  VBS  =  -2  V,  VDS  =  1  V,  VGS  -  Vfb=  1-2  V.  In  the  same  figure,  for 
comparison,  the  behaviour  of  the  surface  potential  achieved  with  the  two-dimensional  analyzer  HFIELDS  [6]  is 
shown  as  dotted  line.  As  can  be  seen,  the  agreement  between  the  two  behaviours  is  resonably  good  and,  in  particular, 
the  values  found  for  the  minumum  value  6smjn  of  the  surface  potential  are  pratically  coincident.  As  far  as  the  CPU 
time  is  concerned,  for  the  results  of  Fig.  1  we  found  that  our  approach  enables  a  reduction  in  computer  time  of  factor 
1:  1000  with  respect  to  the  calculations  required  from  HFIELDS.  This  factor  represents  also  an  average  value  for 
the  CPU  time  ratio  for  all  the  other  comparisons  we  made  by  varying  device  parameters  in  the  following  ranges:  L= 
0.6  /  10  pm,  Na-  4  /  50  *  1015  cm'3,  toX-  10  /  70  nm,  xj«  0.15  /  0.45  pm,  VBS-  0  /  -4  V,  VDS-  0.1  /  5  V. 


4.  THRESHOLD  VOLTAGE  PREDICTIONS 

in  MOS  technology  a  parameter  extremely  useful  to  “conventionally"  define  the  conduction  state  of  a  single  device 
and  to  identify  process  variations  throughout  a  wafer  and  among  chips  built  on  different  wafers  with  the  same  run 
(or  different  runs)  is  the  threshold  voltage.  For  the  sake  of  simplicity  and  a)  to  take  into  account  that  the  carrier 
injection  in  the  channel  of  the  MOSFET  almost  exponentially  depends  on  the  variations  of  the  barrier-height  at  the 
source-channel  junction  with  respect  to  its  value  at  equilibrium  and  b)  to  account  for  the  strong  dependence  of  such 
a  barrier-height  on  device  parameters  and  bias  voltages  in  short-channel  devices,  we  defined  the  threshold  voltage 
VTO  as  the  gate-source  voltage  which  gives  a  certain  value  4*  for  the  surface  potential  ^smjn. .  So  doing  we  get: 


VTH  *  VFB 


■f 


a 


♦  i 


(6) 


Fig. 2  shows,  as  continuous  lines,  the  threshold-voltage  value,  calculated  from  (6)  and  using  41*  =  2  ( $p  being 

the  Fermi-voltage),  as  a  function  of  channel  length  for  several  values  of  the  body  bias.  Device  parameters  were:  Na- 
1 016  cm-3,  toX=  25  nm,  Xj=  0.25  um,  VD$=  5  V.  The  results  achieved  with  CADDET  [7]  are  shown  as  dots  in  the 
figure.  As  can  be  seen,  the  agreement  between  comparison  is  very  good.  Similar  conclusions  can  be  drawn  as  far  as 
the  dependence  on  oxide  thickness,  substrate  doping  and  drain  voltage;  a  comparison  between  the  results  predicted 
from  the  model  of  this  work  and  the  numerical  simulations  is  shown  for  three  values  of  the  oxide  thickness  in  Fig.  3. 

Finally,  a  comparison  between  the  results  predicted  from  our  model  and  experimental  data  [7]  is  shown  in  Fig.  4. 
As  can  be  seen,  for  the  examined  channel-length  and  oxide-thickness  range,  the  proposed  model  satisfactorily 
predicts  the  threshold  behaviour. 

5.  STATISTICAL  ANALYSIS  OF  THRESHOLD  VOLTAGE 

Due  to  the  very  low  CPU  time  required,  the  approach  presented  in  this  work  seems  particuraly  suited  for 
statistical  analysis  of  the  threshold  voltage  in  short-channel  MOSFETs.  In  fact  one  can  assume  that  threshold  voltage 
given  by  eq.(6)  is  a  random  function  of  some  process  variables 

VTH  =  VTH  (  L«  *ox«  Na-  xj )  ( 7 ) 

Then,  by  considering  that  the  process  variables  can  be  characterized  with  a  certain  probability  distribution,  one 
can  easily  derive  the  distribution  probability  of  threshold  voltage.  In  particular  we  assumed  a  gaussian  distribution 
for  all  the  above  variables  and  calculated  the  distribution  p(VTH)  of  the  probability  density  associated  to  the 
threshold  voltage,  the  mean  value  and  the  root-mean  square  error  of  the  threshold. 

Fig.  5a  shows,  for  three  values  of  channel  length,  the  p(VTH)  distribution  achieved  by  considering  a  constant 

mean-square  error  in  channel  length  of  0.1  pm.  The  other  device  parameters  were  considered  constant  and  equal  to 
Na=  1016  cm"3.  tox=25  nm,  Xj=  0.25  pm,  VDS=  5  V.  VBS=  -2  V.  As  can  be  seen,  as  the  channel  length  decreases  the 
P(Vth)  distribution  becomes  more  broadened  with  a  more  pronounced  asymmetry  toward  lower  values  of  threshold. 
These  conclusions  are  fully  confirmed  from  the  results  shown  in  Fig.  5b,  where  the  mean  value  and  the  value  of  the 
root-mean  square  error  of  the  threshold  voltage  are  reported  against  channel  length.  In  particular,  for  the  process 
considered,  one  can  derive  an  increase  from  0.07  %  to  3.5  %  in  the  ratio  between  the  root-mean  square  error  and 
the  mean  value  of  the  threshold  voltage  when  the  channel  length  is  decreased  from  5  pm  to  1  pm. 

Similar  conclusions  can  also  be  drawn  by  considering  a  gaussian  distribution  for  the  oxide  thichness,  the 
substrate  doping  and  the  junction  depth. 

6.  SUMMARY  AND  CONCLUSIONS 

In  this  work  the  weighted-residual  method  was  utilized  to  find  an  approximated  analytical  solution  of  the  two 
dimensional  Poisson's  equation  in  short-channel  MOSFETs.  In  particular,  it  was  shown  that  the  proposed  method: 
i )  is  able  to  predict  a  distribution  of  the  surface  potential  along  the  channel  very  close  to  that  achievable  with 
two-dimensional  simulators; 

i  i )  can  satisfactorily  predict  the  dependence  of  the  threshold  voltage  in  short  channel  devices  for  a  wide  range  of 
variation  of  process  parameters  (  such  as  channel  length,  oxide  thickness,  substrate  doping  and  junction  depth  ) 
and  bias  voltages; 

i  i  i )  for  threshold  evaluation  it  requires  a  CPU  time  lower  of  about  three  order  of  magnitude  with  respect  to 
two-dimensional  simulators. 

Finally,  due  to  property  iii)  above,  the  analysis  was  extended  to  find  the  probability  distribution  of  the  threshold 
voltage  induced  by  variation  in  process  parameters.  In  particular,  results  were  found  for  gaussian  distributions  of 
channel  length,  oxide  thickness,  substrate  doping  and  junction  depth. 
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THE  SERIES  RESISTANCE  OF  SUBMICRON  MOSFETs  AND  ITS  EFFECT  ON  THEIR 
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Rfeumf  -  Une  formule  de  module,  lide  au  procfcs,  pour  les  resistances  sdrie  des  MOSFETs  est  prdsentde,  en  supposant 
un  profil  de  dopage  lindaire  pour  des  jonctions  graduelles.  La  variable  la  plus  importante  du  procds  est  le  gradient 
de  dopage  lateral,  tandis  que  la  dose  du  drain  ldgdrement  dopd  n'a  pas  beaucoup  d’influence.  Les  valeurs  calculdes 
des  resistances  correspondent  bien  avec  les  valeurs  mesurdes,  qui  ont  dtd  extraites  des  paramdtres  d’un  nouveau  moddle 
de  circuit  pour  des  MOSFETs.  Dans  ce  moddle  le  courant  et  la  tension  de  saturation  sont  exprimds  explicitement  en 
termes  des  rdsistances  sdrie. 

Abstract  -  A  process-related  design  formula  for  the  MOSFET  series  resistances  is  discussed,  assuming  a  linear  doping 
profile  for  graded  junctions.  The  main  process  variable  is  the  lateral  doping  gradient,  whereas  the  LDD-dose  has  little 
effect.  Calculated  resistance  values  agree  well  with  measured  data,  which  have  been  extracted  from  the  parameters  of 
a  new  MOSFET  circuit  model.  In  the  latter  model  the  current  and  saturation  voltage  are  expressed  explicitly  in  terms 
of  the  series  resistances. 

1  -  Introduction 

In  order  to  maintain  a  5.5  Volt  power  supply  in  (sub)micron-size  MOSFETs,  graded  source/drain  junction  profiles  are  wide¬ 
ly  used.  Although  the  required  reduction  of  hot  carrier  effects  by  this  approach  has  been  discussed  extensively,  little  attention 
is  paid  to  the  associated  effect  of  increased  series  resistance.  In  graded  junctions  the  largest  contribution  to  R,  arises  from  cur¬ 
rent  crowding  at  the  channel  side  (compare  Fig.  1).  However,  when  using  implicit  relations  (derived  for  conventional  junctions 
[1,  2]),  to  calculate  this  effect  in  LDD  devices,  large  deviations  from  experimental  data  are  found  (compare  Fig.  2).  In  this  con¬ 
tribution  a  new  process-related  design  formula  for  this  resistance  has  been  derived,  which  is  based  on  the  assumption  of  a  linear 
lateral  doping  profile,  in  agreement  with  2-D  process  simulation  results.  Furthermore  its  effect  on  the  transistor  characteristics 
and  performance  are  discussed. 


2  —  Calculation  of  the  LDD-MOSFET  series  resistance 

According  to  the  schematic  representation  of  the  current  pattern  of  fig.  1,  the  source/drain  series  resistance  of  a  MOSFET 
consists  of  four  components:  a  contact  resistance  below  the  contact  window,  a  sheet  resistance,  where  the  current  flows  along 
parallel  lines,  a  spreading  resistance  due  to  current  crowding  at  the  vincinity  of  the  channel  end  and  an  accumulation  layer 
resistance  owing  to  gate  overlap.  The  contact  resistance  R^  has  been  calculated  applying  a  transmission  line  model  to  the  inter¬ 
face  between  the  metal  and  the  semiconductor  [3],  Usually  its  value  and  that  of  the  second  component  are  much  smaller  than 
the  spreading  resistance.  Using  the  assumption  (based  on  numerical  simulation)  that  the  current  converges  within  an  angle  of 
1  radius  from  the  full  junction  depth  (yj)  to  the  thin  accumulation  sheet  (thickness  yc),  the  latter  resistance  is  given  by 

where  the  constant  of  0.64  comes  from  l/tgl.  The  above  integral  has  been  evaluated  in  case  of  a  uniform  junction  doping  [1] 
and  an  exponential  profile  at  the  vincinity  of  the  channel  [2].  However  even  in  the  latter  case,  for  LDD-type  devices  large  devia¬ 
tions  from  experimental  data  are  found  (compare  fig.  2).  In  fact,  according  to  2-D  process  simulation  and  experimental  data 
[4],  for  the  tail  of  graded  junctions  a  far  more  linear  doping  profile  applies. 

Assuming  an  accumulation  layer  to  be  present  between  the  undepleted  junction  end  (x  =  0)  and  (x  =  -  x.)  (compare 
fig.  1),  its  resistance  is  simply  given  by 


R*  = 


_  x, _ 

MKqNKW 


(2) 


where  qN*  and  are  the  charge  and  mobility  of  this  layer,  respectively  and  W  is  the  channel  width.  Defining  a  doping  profile 
N  =  N0  -  kx,  where  k  is  the  lateral  doping  gradient,  according  to  (1)  the  spreading  resistance  is  given  by 
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Fig.  1.  Schematic  diagram  showing  current  pattern  in  the 
source  region  and  its  associated  resistance  com¬ 
ponents. 


Fig.  2.  Source  series  resistance  vs  LDD  implantation 
dose.  Dots  are  measured  values,  lines  are 
calculated  values  (—  =  model.  -  -  =  ref.  2). 


From  this  result  we  conclude  that  the  main  process  variable,  affecting  the  LDD  series  resistance,  is  the  lateral  doping  gradient 
k  =  d  Nj/dx,  whereas  the  implant  dose  has  only  indirectly  little  effect.  This  is  shown  in  fig.  2,  where  the  calculated  source 
series  resistance  has  been  plotted.  The  values  of  k  have  been  obtained  from  process  simulation.  In  addition,  since  pK  decreases 
with  Nlc  (Vos),  R,p  decreases  slowly  with  gate  bias  [2],  For  instance,  when  VGS  is  decreased  from  4  to  2  Volts,  the  resistance 
values  of  fig.  2  increase  by  25%. 


3  -  Effect  of  series  resistances  on  the  transistor  characteristics 

Starting  from  the  well-known  model  equation  for  a  short-channel  MOSFET  [5],  the  effect  of  a  source  (R„)  and  drain 
resistance  (Rrf)  on  the  characteristics  can  be  calculated  by  taking  into  account  the  Kirchhoff  relations 

^ds  =  VDS  -  Ip(R„  +  R*)) 

Vos  =  V0s  ~  >dR„ 


(6) 
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In  the  above  relations  VDS  and  VGS  are  the  external  drain-source  and  gate-source  bias. 

Using  the  above  relations  and  assuming  that  for  a  practical  device 

0(R,S  +  RJ  <  0.50  , 

in  which  0  =  0O  W/L  is  the  MOSFET  gain  constant,  the  current  equation  can  be  rewritten  into 

i  _  S  (Vcs  ~  Vt)  Vps  ~  1/4(1  +  S)  (7) 

°  1  +  0A(VOS  -  VT)  +  0BVSB  +  0CVUS  ' 

In  this  equation  VT  is  the  threshold  voltage,  5  is  a  factor  representing  the  substrate  backgate  effect  and  0B  is  a  mobility  degrada¬ 
tion  parameter.  However  compared  to  the  previous  model  [5]  two  parameters  are  present,  which  are  generalisations  of  the  mobili¬ 
ty  degradation  ( 0O )  and  velocity  saturation  effect  (0CO) 

0A  =  0O  +  «R„  +  R^)  ,  (8a) 

0c  =  0co  -  *0O  -  0Rcd  ■  (8b) 

Furthermore  from  the  internal  saturation  condition  d  ID/dVRS  =  0,  the  external  saturation  voltage  can  be  calculated.  In  this  way 
we  obtain 


= 


2(Vgs  -  VT) 
1  +  S 


+  (1  +  6)[l 


20c(Vgs  -  VT) _ 

+  0a(Vgs  -  VT)  +  0BVSB] 


+  1 


(9) 


Generally,  owing  to  the  presence  of  R,s  and  R^.  under  the  same  bias  conditions  the  current  is  reduced,  but  the  saturation 
voltage  increases. 

In  principle  the  model  parameters  VT,  S,  0,  ffA,  0B  and  0r  can  be  determined  from  a  comparison  between  the  measured 
transistor  characteristics  and  calculated  model  data.  Usually  VT  and  6  are  expressed  in  terms  of  the  zero-bias  threshold  voltage 
Vro  and  a  threshold  slope  factor  y  [5].  In  addition  for  a  short-channel  transistor  a  drain  feed-back  effect  VT  =  VTO  -  fVDS 
has  to  be  taken  into  account.  From  measuring  the  characteristics  of  devices  with  different  gate  lengths,  according  to  relations 
(8a)  and  (8b)  R,,  and  R*,  can  be  obtained  from  the  slope  of  0A  vs  0  and  0C  vs  0  plots.  However  since  =  (L  Ec)  ‘,  where 
Ec  is  the  velocity  saturation  field,  in  the  latter  case  the  value  of  the  parameter  Ec  is  required. 


4  -  Comparison  with  experimental  results 

Generally  the  model  equations  (7)  and  (9)  represent  well  the  characteristics  of  MOSFETs  with  graded  junctions.  Fig.  3 
shows  a  good  fit  to  the  measured  characteristics  of  a  device  with  a  0.5  gate  length.  Corresponding  values  of  major  parameters 
are  given  in  the  subscript.  Next  figs.  4  and  5  give  the  parameters  0A  and  0C  as  a  function  of  the  gain  constant  0.  The  latter  has 
been  varied  by  taking  devices  with  different  gate  length  (compare  the  insets).  In  agreement  with  eqs.  (8)  a  linear  dependence 
is  observed.  From  the  slope  value  and  the  indicated  value  of  Ec  (obtained  from  non-LDD  devices),  a  value  R„  =  680  0  and 
Rsd  =  560  0  per  fim  gate  width  has  been  obtained.  Unfortunately  owing  to  additional  effects,  the  accuracy  of  the  above  model 
is  not  sufficient  to  provide  the  gate  bias  dependence  of  the  series  resistances.  Therefore  the  given  data  has  to  be  considered  as 
an  average.  However,  if  the  resistance  values  are  determined  from  the  characteristics  at  low  drain  bias,  a  slightly  larger  value 
for  R^  is  observed.  This  is  due  to  the  absence  of  an  accumulation  layer  at  large  drain  bias. 

Following  the  above  procedure,  the  resistance  value  has  been  measured  as  a  function  of  the  LDD-implantation  dose.  The 
results  for  the  source  resistance  are  given  in  fig.  2.  Not  only  agree  the  measured  data  well  with  values  calculated  according  to 
eqs.  (3),  (4)  and  (5),  but  the  weak  dependence  on  the  dose  D  is  confirmed  too. 

Finally  fig.  6  gives  the  decrease  in  drive  current  of  an  optimized  LDD-device  compared  to  a  conventional  type.  Owing  to 
compensating  effects  (a  decrease  of  0C  and  an  increase  of  VDSS)  this  decrease  is  less  than  the  direct  change  in  0A  and  0C. 
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Fig.  3.  Measured  and  calculated  characteristics  of  a  0.5 
pm  MOSFET.  Vm  =  0.70  V.  y  =  0.10V\ 

0  =  1.48  mA/V2,  eA  =  0.56  V',  8C  =  0.22  V’ 
f  =  0.13. 


Fig.  5.  Model  parameter  8,  ra  gain  factor.  From  the  slope 
and  the  velocity  saturation  field  (EJ  the  value  of 
R,d  is  obtained. 


Fig.  4.  Model  parameter  8A  vs  gain  factor.  The  slope 
yields  the  value  of  (Rss  +  RtJ. 


Fig.  6  Change  in  drain  current  and  saturation  voltage  of 
a  0.7  pm  -  LDD  MOSFET  compared  to  a  conven¬ 
tional  device. 
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R6sum6  -  Le  ph6nom&ne  ds  pergage  dans  les  MOSFET  d6plA6s  k  canal  P  (BC-P-MOSFET)  est  moddlisd  de  manure  analytique  par 
rutillsation  da  la  transformation  tension-dopaga  (VDT).  On  montre  qua  la  micanisme  du  parage  dans  les  BC-P-MOSFETs  est 
semblabla  k  celui  das  MOSFET  canaux  N  k  conduction  k  surface,  ced  k  causa  de  I'abaissement  de  barriers  provenant  de  la 
tension  drain  (DIBL).  Cependant  ce  phknomkne  eat  renforck,  dans  las  canaux  enterris,  par  un  phknomkne  d'kcran  diectrostatique 
da  la  surface  inverske.  Ce  nouveau  modkle  da  courant  de  pergage,  la  premier  du  genre,  traKe  correctement  les  effets  d’kcrantage 
at  donne  une  grande  precision  sur  une  large  plage  de  polarisation  et  de  longeur  de  canal. 

Abstract  -  The  punchthrough  phenomenon  in  hurried-channel  (BC)  P-MOSFETs  (depletion  mode  devices)  is  analysed  analytically 
using  the  voltage-doping  transformation  (VDT)  technique.  The  mechanism  of  punchthrough  in  a  BC-P-MOSFET  is  shown  to  be, 
similarly  as  in  a  surface-channel  (SC)  N-MOSFET ,  due  to  the  DIBL  affect.  However  in  a  BC-MOSFET  the  DIBL  effect  is  shown  to  be 
considerably  enhanced  by  the  effect  of  screening  of  the  surface  inversion  layer  of  electrons.  The  new  punchthrough  current  model, 
an  unique  up  to  date,  deals  correctly  with  the  screening  effect  and  shows  high  accuracy  within  a  wide  range  of  biases  and 
channel  lengths. 


1  -  WTROOUCTION 


Punchthrough  (pt)  leakage  currents  give  a  significant  rise  to  a  stand-by  power  dissipation  in  MOS  circuits.  Thereby  punchthrough  becomes 
one  of  the  severest  limitations  when  shrinking  MOSFETs  to  submicron  dimensions.  For  this  reason  pt  phenomenon  has  received  a  great  deal 
of  interest  in  the  literature,  but  this  uniquely  in  relation  to  surface-channel  (SC)  N-MOSFETs.  To  date  there  is  no  analytical  model  published, 
being  able  to  predict  punchthrough  currents  in  burr iod -channel  (BC)  P-MOSFETs.  Such  a  situation  must  become  strange  when  taking  into 
account  that  in  CMOS  circuits  pt  leakages  of  BC-P-MOSFETs  contribute,  at  least  equally  as  those  in  SC-P-MOSFETs  to  a  total  stand-by 
power  dissipation.  The  analysis  presented  in  this  paper  is  based  on  the  voltage-doping  transformation  (VDT)  which  has  already  been 
successfully  applied  to  the  modeling  of  short-channel  threshold  voltage  [1]  and  punchthrough  [2]  in  SC-N-MOSFETs.  Now  an  extension  of 
the  VDT  to  the  punchthrough  in  BC-P-(or  N-)MOSFETs  is  proposed. 

2-  PHYSICS  OF  PUNCHTHROUGH  X  BC-P-MOSFETs 

According  to  the  voltage-doping  transformation  (1]  the  2-dim  Poisson  equation  on  the  x-axis  can  be  rewritten  in  the  following  1  -dim  form 

a2'!'  q 

- 1  „ - N*(x)  (1) 

3x2  Ixe  x-axis  Es 

where  the  x-axis  is  the  Iod  of  the  potential  minima  along  the  channel  and  goes  perpendicularly  to  the  silicon  surface.  The  effective  doping 
N*(x)-N(x)-esD(x)/q  where  Dfx^d^/ay2  fcc  x-axis '*  ,ourK*  analogically  as  in  [2]  from  an  approximation  of  the  lateral  potential  distribution 

®(y)*T(x-const,y)  although  now  an  exponential  instead  of  a  parabolic  approximation  is  used.  In  a  SC-N-MOSFET  ft  is  reasonable  to 
approximate  the  lateral  potential  distribution  by  a  family  of  parabolas  because  the  potential  across  the  p-n  'source-bulk  and  drain-bulk 
junctions  varies  quadratically  with  distance.  However  in  a  BC-P-MOSFET  there  is  no  n-p  junction  in  the  way  from  a  source  to  a  drain.  Pfiester 

et.al.  found  in  [3]  a  2-dim  analytical  solution  for  a  potential  distribution  in  a  BC-MOSFET.  Their  solution  shows  that  the  lateral  potential 
distribution  in  a  BC-MOSFET  depends  exponentially  and  not  quadratically  on  a  distance.  This  finding  prompts  the  lateral  potential 
distribution  6(y)  to  be  approximated  by  a  superposition  of  a  constant  and  two  exponents 

y  +  lvc  Vlel  +  lvc 

«(y)-a  +  bexp(- - )  +  cexp( — - - )  (2) 

l0  l0 

where  y-lyC  is  the  distance  of  the  virtual  cathode  from  the  source  boundary  and  lg  will  serve  as  a  fitting  parameter.  The  coefficients  a,  b  and 
c  are  determined  by  the  boundary  conditions  identical  as  in  (2]  and  next  N*(x)  Is  found  to  be 

2  S  *-el 

-forOsxstg  N*(x)  8  N*a  .  Na  -  - V*DSexp( - )  (3a) 

ql2g  2l0 

where 

2 

''‘DS’-- <  l  VDS + <  vbi  ♦  VSB  •  Wove*  (2  -  <*)  ’  zV  ( Vw  +  VSB  -  Vw  ♦  VSB  +  VDS  -  'npcvc)(1  -  d)  ] 
d 

( ( vw  +  Vse  -  TjKcvc)  (2  -  d)  -  2  '/(Vw  +  VSB-WwcHVy  + VsB  +  Vos-hfcvc^1  1  *  ^  <3t>) 


and  d»1  •  exp<  -L^jig).  tg  is  the  thickness  of  the  implanted  p-channel  and  q  Is  the  second  fitting  parameter. 
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b) 


Fig.  1  -  Physical  mechanism  of  punchthrough  in  BC-P-MOSFET.  Large  negative  drain  bias  increases  the  effective  channel  doping  N* 
pertaining  to  the  gate  field.  As  a  result  potential  within  the  channel  becomes  more  negative,  thus  lowering  the  barrier  height  and  thereby 
allowing  more  current  to  flow. 


Additionally  we  assume  that  only  the  channel  doping  is  modified  by  the  drain  field  so  that  for  t^x-e00  N*(x)-Nq.  Expression  (3)  describes 
explicitly  the  voltage-doping  transformation.  On  this  base  the  mechanism  of  punchthrough  in  a  short-  BC-P-MOSFET  can  bo  accounted  for 
as  follows:  the  drain  bias  increases  the  effective  channel  doping  pertaining  to  the  gate  field  thereby  reducing  the  penetration  of  gate 

and  bulk  electrical  fields  into  the  channel,  see  Fig.  1 .  As  a  result  the  potential  minimum  <fcvc  along  the  x-axis  becomes  more  negative  thus 
bringing  the  transistor  towards  the  ’on-state*  as  shown  in  Fig.  1b).  In  this  way  the  drain  current  can  become  quite  significant  even  for 
Vqs-OV  (when  the  channel  should  normally  be  ’off’),  which  purely  means  punchthrough.  It  is  to  be  noted  that  the  above  effect  is 

suppressed  when  Lgi-r00  because  then  whatever  the  drain  bias,  compare  eqn  (3a). 


3  -  POTENTIAL  BARRIER  HEIGHT 

The  potential  barrier  encountered  by  holes  on  their  way  from  a  source  to  a  drain  equals  (<pvc(x)  Vpj-Vgg],  and  as  <pTC  varies  with  x  thus 
also  the  barrier  differs  in  height  depending  on  depth  x  ,  where  q>vc(x)s'f'(x.y4vc).  The  lowest  barrier  occurs  at  the  depth  tvc  (corresponding 
to  the  location  of  the  virtual  cathode)  and  equals  (IPcvc-Vbj-Vgg),  where  q>cvc=f'(tVc-lvc)  ®  'he  potential  of  the  virtual  cathode.  Thus  the  pt 
current  flows  within  only  a  narrow  strip  at  depth  ty,.  instead  of  a  whole  channel  opening  0  to  tg.  Consequently  we  will  focus  only  on  prv ... 
finding. 

A  -  Entirely  depleted  channel 

Equation  (1)  has  a  1-dim  form  typical  of  the  long-channel  case  so  its  solution  (easily  obtainable  by  double  integrating)  is  well  known  from 
the  long-channel  MOSFET's  theory.  For  this  reason,  as  well  as  for  the  lack  of  space,  it  will  not  be  quoted  here.  The  solution  for  9 cvc 

combined  with  a  pt  current  expression  (analogical  to  that  used  in  [2])  allows  BC-P-MOSFET  punchthrough  characteristics  to  be  modeled. 
The  resulting  lines  N  in  Fig.  2  show  much  less  punchthrough  than  the  measured  ones  denoted  by  M.  A  physical  interpretation  of  this  fact  is 
that  the  surface  inversion  layer  of  electrons,  neglected  up  to  now,  screens  the  gate  electrical  field  lines  thus  giving  completely  the  control 
over  the  channel  up  to  the  drain,  and  thereby  enhancing  punchthrough,  compare  [4).The  simplest  way  of  how  to  take  into  account  the 
surface  inversion  layer  screening  (SILS)  effect  is  to  assume  that  the  barrier  heigth  becomes  independent  on  the  gate  bias  once  a  strong 
inversion  is  induced,  as  prompted  by  the  depletion  theory.  Lines  P  in  Fig.  2  show,  however,  that  such  an  approach  (perfect  SILS  effect) 
must  lead  to  a  significant  overestimation  of  punchthrough  at  large  positive  Vgg  biases.  From  the  above  it  becomes  clear  that  the  SILS 
effect  is  essential  to  punchthrough  in  BC-P-MOSFETs  and  thereby  necessitates  a  more  careful  treatment. 


Fig.  2  -  Comparison  of  the  model  of  ideal  SILS  effect  -  lines  P,  and  the  neglect  of  the  SILS  effect  -  lines  N  with  measurements  -  lines  M. 
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B-  Inversion  at  surface 


In  order  to  find  the  principle  of  the  SILS  effect  the  Poisson  equation  (1 )  must  be  completed  with  the  term  NQexpf'f'/Uj)  corresponding  to  the 
concentration  of  electrons  in  the  inversion  layer 

g  4< 

- — [N*(x)  +  NDexp —  ]  (4) 

3x2  Es  UT 

A  strict  derivation  of  cpcvc  would  necessitate  in  double  integration  of  (4)  which  is  analytically  impossible.  However  it  is  to  be  noted  that  <pcyc 
can  be  accurately  described  by  a  solution  to  (1)  thus  neglecting  the  inversion  layer,  if  only  the  the  actual  depletion  depth  tq,  is  derived 
from  (4)  which  deals  correctly  with  the  inversion  layer.  Indeed,  knowing  the  actual  tq  value,  which  accounts  correctly  for  the  effect  of  the 
surface  inversion  layer  of  electrons  we  may  expect  good  results  for  (p^  from  the  solution  to  (1)  because  whole  the  region  tvcsx<(tc-i-tcj)  is 

free  of  electrons  and  contains  only  the  space-charge  of  ionized  impurities  which  is  just  correctly  incorporated  in  (1).  It  will  be  shown  in  the 
next  Section  that  such  an  approach  ensures  very  good  results  even  for  gate  biases  much  greater  than  that  needed  to  produce  the  strong 
inversion  at  the  surface.  On  the  above  basis  is  formally  found  by  double  integrating  (1 )  to  be 

qNo  Nq 

•"cvc - ^0  + - )  M 

*»  N*A 

and  tq  by  single  integrating  (4)  to  be 


where 


<PS  -  *JT  In  [  ( 


n*a 

2*s 

- ) 

- <P, 

Nd 

q No 

9f 

-)2. 

d(N*A+l 

"  '^dcrit  +  1 1 


(6a) 


(6b) 


toxSsUr  2esUt 

(dcrit  corresponds  to  the  onset  of  the  strong  inversion  at  the  surface  ( <ps-0  )  and  is  formally  given  by  (6a)  after  substituting  <ps  by  0.  Lq  is 
the  Oebye's  length  and  reads  (£sUj/2/q/N[))1s  and  VgePvGS"vSB'vFB- 


4-  BESUUS 

The  presented  model  of  nonideal  SILS  effect  has  fairly  improved  the  accuracy.  The  mean  error  of  the  theory  is  made  as  small  as  3±3% 
(currents  in  logarithm  are  compared).  The  comparison  between  measured  and  modeled  BC-P-MOSFET  subthreshold  characteristics,  as 
illustrated  in  Fig.  3,  demonstrates  an  excellent  agreement  for  long  as  well  as  short  channels.  The  verified  range  of  validity  of  the  model 
includes  gate  voltages  Vgg  ranging  from  threshold  voltage,  in  this  technology  Vt^=-0.5V,  up  to  large  positive  voltages  much  higher  than 
those  needed  to  induce  a  strong  inversion  at  the  surface.  In  the  technology  used  for  the  verification  the  surface  inversion  is  induced  at 
Vgss0-3V  whereas  the  modeled  characteristics  shown  in  Fig.  3  extend  up  to  1.2V  still  being  in  very  good  agreement  with  measurements. 
As  far  as  a  drain  bias  is  concerned  the  range  of  0V  down  to  - 1 0V  is  treated  very  correctly  by  the  model,  however  under  a  condition  that  the 
corresponding  pt  current  does  not  exceed  the  level  of  about  IpA.  Otherwise  the  current  becomes  space-charge  limited  which  is  not  taken 
into  account  in  the  analysis.  As  regards  the  bulk  bias,  the  range  0  to  SV  poses  no  difficulty  to  the  model  as  can  be  observed  in  Fig.  4.  It  is 
worth  noting  that  the  positive  bulk  bias  suppresses  punchthrough  in  BC-P-MOSFETs  analogously  as  a  negative  bulk  bias  suppresses 
punchthrough  in  SC-N-MOSFETs. 


Fig.  3  •  Measured  (solid  line)  and  analyticaly  modeled  (dashed  line)  subthreshold  characteristics  for  a  series  of  BC-P-MOSFETs  with 
different  electrical  channel  lengths  and  parametrically  varied  drain  bias.  Bulk  bias  is  kept  at  0V.  The  technological  parameters  read: 
NA-1.44x10,6cm"3,  N0-3.3*1O1scm'3,  tc«0.21pm,  tox-2Srim,  pp»470cm2/Vrs  and  Vpg— 0.219  V.  The  used  values  of  the  fitting 
parameters  are:  q«0.979  and  tg-0.304pm. 
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Fig.  4  -  Measured  (solid  line)  and  analytical  modeled  (dashed  line)  subthreshold  characteristics  for  a  series  of  BC-P-MOSFETs  with 
different  electrical  channel  lengths  with  parametrically  varied  bulk  bias.  Drain  bias  is  kept  constant.  The  technological  parameters  read: 
NA-1.44x1016cm-3  ND-3.3x1015cm‘3,  tc-0.21pm,  ^,x_25i|ni.  pp-470cm2/V/s  and  VFB-0.219V.  The  used  values  of  the  fitting 
parameters  are:  t]«0.979  and  l0»0.304pm. 

5-  CONCLUSION 

In  conclusion,  our  analysis  for  the  first  time  enables  the  BC-P-MOSFET  characteristics  to  be  modeled  analytically.  The  model  exhibits  an 
excellent  accuracy  and  a  wide  range  of  validity.  The  mean  error  of  the  theory  is  of  3%  (currents  in  logarithm  are  compared)  whereas  the 
number  of  code  lines  needed  to  implement  it  on  the  HP9000  calculator  is  as  small  as  30  lines  of  BASIC  code.  Thanks  to  the  analytical 
analysis  the  punchthrough  phenomenon  in  BC-P-MOSFETs  has  for  the  first  time  be  entirely  accounted  lor.  The  impact  of  the  surface 
inversion  layer  screening  (SILS)  effect  on  punchthrough  is  deduced  and  investigated.  As  a  result  the  analysis  is  believed  to  find 
applications  in  design,  process  optimization  and  simulation  of  advanced  BC-P-MOSFETs. 
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A  MOBILITY  MODEL  FOR  MOSFET  DEVICE  SIMULATION 
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Abstract  The  device  characteristics  of  sub-micron  MOS  transistors  depend  strongly  on  the 
mobility  of  the  charge  carriers  in  the  inversion  layer.  A  new  low  lateral  field  mobility  model 
for  the  normal  field  dependence  will  be  presented.  Good  agreement  was  found  between  the  predicted 
and  measured  mobilities  for  a  large  variety  of  samples.  The  model  was  successfully 
incorporated  into  a  two  -  dimensional  device  simulation  program  which  gave  predictions 
agreeing  well  with  experimental  data. 


1.  INTRODUCTION 

The  importance  of  sub  -  micron  silicon  MOS  transistors  in  future  generations  of  memory  and  logic  circuitry 
has  led  to  intense  interest  in  the  accurate  modelling  of  these  devices  with  particular  attention  being  paid 
to  the  mobility  of  the  charge  carriers  in  the  inversion  layer.  Scaling  the  transistors  into  the  sub  -  micron 
regime  demands  the  use  of  thinner  gate  oxides  and  higher  substrate  doping  densities.  The  influence  that 
these  changes  have  on  the  mobility  must  be  built  into  any  model  if  accurate  predictions  are  to  be  made 
about  device  performance. 

This  paper  presents  a  new  physically  -  based  model  for  the  normal  effective  field  dependence  of  the 
electron  and  hole  mobilities  in  silicon  inversion  layers  at  low  lateral  fields.  Recent  results  of  an  investigation 
into  the  application  of  this  model  to  measurements  carried  out  on  MOS  devices  with  gate  oxide  thicknesses 
and  surface  doping  densities  scaled  for  process  generations  down  to  0.25/nm  are  given.  Furthermore,  for 
the  first  time  such  a  model  was  incorporated  in  a  two  -  dimensional  device  simulation  program  and  com¬ 
parisons  between  predictions  from  this  program  and  measurements  on  sub  -  micron  transistors  are  presented. 

2.  MODEL 

It  has  been  shown  elsewhere  that  the  electron  1 1 J  and  hole  [2)  mobilities  follow  universal  curves  when  plotted 
as  functions  of  an  effective  normal  field,  £,//,  given  by 

£><//  =  — [Q<Up  +  VQtnv)  (1) 

with  r}  -  1/2  for  electrons  and  1/3  for  holes  and  where  Qi,v  and  Qm„  are  the  depletion  and  inversion 
layer  charges  per  unit  surface  area  respectively. 

In  this  new  model  a  semi  -  empirical  approach  was  taken  to  moiiel  the  mobility  -  Ecff  curves.  It  was 
assumed  that  the  room  temperature  inversion  layer  mobility  is  dominated  by  three  scattering  mechanisms  (3|, 
namely  Coulomb,  carrier-phonon  and  surface  roughness,  each  with  its  own  contribution  to  the  net  mobility. 
These  contributions  are  designated  by  pe,  pcp  and  p,r  respectively.  Actual  modelling  of  scattering  processes 
in  inversion  layers  is  very  complex  due  to  the  quantum  mechanical  nature  of  these  processes  and  the  fact 
that  at  temperatures  above  absolute  zero  more  than  one  sub  -  band  is  filled.  Therefore,  a  simplified  semi  - 
empirical  approach  was  adopted. 
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To  obtain  a  simple  first  order  expression  for  carrier  mobility  due  to  screened  Coulomb  scattering,  the 
Brooks  -  Herring  formula  was  adopted  [4j: 

-  CTli  J_  12) 

ln(l  +  6)  —  6/(1  +  b)'  Ni 

where  b  =  ( 24m’ tsik^T1) / (h2 q1  N0 ),  Ni  is  the  charged  impurity  density,  N„  is  the  mobile  carrier  density, 
C  is  a  constant,  eSi  is  the  dieiectric  constant  of  silicon  and  the  other  symbols  have  their  usual  meanings. 
The  following  modifications  were  made  for  the  inversion  layer  : 


=  ninv/  <  z  > 


Ni  +  <  2  > 


where  n,„„  is  the  number  of  mobile  carriers  per  unit  surface  area,  <  z  >  is  the  average  distance  of  mobile 
carriers  from  the  St/SiOt  interface  and  Nox  is  the  fixed  oxide  charge  per  unit  surface  area. 

As  a  result  of  numerical  calculations  [5],  <  z  >  can  be  given  as  a  function  of  the  mobile  inversion  charge 
number  density  per  unit  surface  area,  ninv,  and  therefore  as  a  funtion  of  E.ff. 

As  was  given  elsewhere  j6],  the  mobility  /iep  due  to  carrier  -  phonon  scattering  and  the  mobility  n,T  due 
to  surface  roughness  scattering  can  be  approximately  given  by 

ncp  =  kcp  (3) 


=  k.rE: 


where  kcp  and  k,, 


are  constants. 


The  net  mobility  fi  was  calculated  using  Matthiesen’s  rule.  i.e. 

1  1  I  1 

~  =  —  H - H -  (5) 

M  Me  Mcp  M.r 

with  nc,  ficp  and  y.,r  given  in  equations  2,  3  and  4  respectively  with  the  constants  C,  kcp  and  k,r  as  fitting 
parameters. 

The  above  equations  were  incorporated  into  a  two  -  dimensional  device  simulation  program,  CURRY  [7j, 
in  which  the  effective  field  at  any  point  from  source  to  drain  was  calculated  by  averaging  the  normal  field 
in  the  depth  direction  over  the  inversion  layer  or  surface  accumulation  layer  at  that  point.  The  model  is 
therefore  a  non  -  local  one  with  the  mobility  at  any  point  dependent  on  the  values  of  the  normal  electric 
field  at  other  points. 

3.  EXPERIMENTAL 

To  measure  the  mobility,  a  set  of  devices  was  fabricated  which  included  both  n-  and  p-type  transistors  and 
associated  capacitors.  The  devices  v.ere  all  made  on  (lOO)-oriented  p-type  Si  wafers  with  a  resistivity  of  20 
*n.cm.  An  n-well  was  formed  using  high  energy  phosphorus  and  arsenic  implants  while  the  p-substrate  was 
implanted  with  high  energy  boron  for  the  n-type  devices.  Gate  oxides  of  thickness  between  lOnm  and  23nm 
were  thermally  grown  at  900° C  in  an  oxygen/nitrogen  mixture  (10%  oxygen  by  volume).  Polysilicon  gate 
electrodes  were  used  and  doped  with  phosphorus.  Capacitor  gate  electrodes  had  areas  of  up  to  3.3  x  10~4em* 
with  transistor  gate  areas  up  to  4  x  10~4emJ.  Gate  oxide  fixed  charge  and  interface  state  levels  of  below 
1  x  10ucm  J  were  measured  in  the  devices. 

The  effective  inversion  layer  mobility,  n,  was  extracted  from  conductance  measurements  in  the  linear 
region  on  200/im  x  200/un  MOS  transistors.  The  mobile  inversion  charge  per  unit  surface  area,  Q,nv,  was 
measured  on  the  capacitor  structures  [8 j.  The  sub  -  micron  transistors  were  fabricated  using  electron  beam 
lithography.  The  n-MOS  device  had  a  gate  length  of  0.53^tm  and  width  of  3.9/im.  Its  gate  oxide  was  12.5nm 
thick.  The  p-MOS  device  had  a  gate  length  and  width  of  O.fiO^tm  and  4.2/jm  respectively  with  a  lOnm  thick 
gate  oxide. 

4.  RESULTS  AND  DISCUSSION 

The  results  from  mobility  measurements  on  the  large  n-  and  p-MOS  devices  are  given  in  Fig.  1  and  2  respec¬ 
tively  in  which  mobility  is  plotted  as  a  function  of  normal  effective  field.  The  surface  doping  density,  N ,, 
and  gate  oxide  thickness,  t„,  are  also  shown  in  the  figures.  The  points  are  the  experimental  data  with  the 


solid  lines  being  the  fits  of  the  model  to  these  data.  Fig.l  shows  that  the  electron  mobility  in  the  inversion 
channel  is  almost  independent  of  surface  doping  density  at  high  effective  fields  but  depends  strongly  on  the 
doping  at  lower  fields.  In  the  case  of  the  pMOS  devices,  different  boron  implants  had  been  introduced  into 
the  originally  n-type  channel  but  it  was  not  clear  as  to  what  the  actual  density  of  charged  impurities  would 
be  since  the  impurities  are  not  completely  ionized. 

It  was  apparent  in  the  model  for  electrons  that  the  same  values  for  C  (equ.2),  kcp  (equ.3)  and  k,r  (equ.4) 
could  be  used  for  all  samples  provided  that  the  surface  doping  density,  TV/,  and  the  oxide  fixed  charge,  Not, 
were  known.  The  values  used  in  Fig.l  were  C  =  2.63  x  1017,  fc, r  =  1.35  x  10T  and  k,T  =  7.0  x  10u  all 
expressed  in  cgs  units. 

In  the  model  for  holes,  the  value  of  TV;  was  unknown.  Therefore  a  fit  was  carried  out  to  find  the  optimum 
value  of  C/(Ni  +  Nox/  <  z  >)  using  fixed  values  of  kep  and  k„.  This  was  0.225  for  fccp  =  3  x  10®  and 
k,r  =  2.22  x  1014  all  in  cgs  units.  This  is  the  solid  line  in  Fig.2. 


Eeff  (xloV/em) 


Fig.l .  The  low  lateral  field  electron  mobility  versus  the  normal  effective  field  for  samples  with  gate  oxide  thickness 
and  surface  doping  density  as  given  in  the  insert.  The  points  are  the  experimental  values  while  the  solid  lines  are 
the  fits  of  equation  5  with  pe,  and  p,r  as  given  in  equations  2,  3  and  4. 


Eeff  (xloHVcm) 


Fig.2  .  The  low  lateral  field  hole  mobility  versus  the  normal  effective  field  for  samples  with  gate  oxide  thickness 
as  given  in  the  insert.  The  points  are  the  experimental  values  while  the  solid  line  is  the  fit  of  equation  5  with  p*,  p^ 
and  p>r  as  given  in  equations  1,  3  and  4. 
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In  Fig.3,  simulations  of  a  half  -  micron  n-MOS  transistor  together  with  experimental  data  are  shown. 
Good  agreement  between  the  calculated  and  experimental  data  is  observed.  Similar  data  for  a  buried  chan¬ 
nel  p-MOS  transistor  are  shown  in  Fig.4.  The  Id,  -  V,,  characteristics  at  low  Vd,  are  modelled  well  but 
systematic  deviations  in  the  Id,  —  Vdt  characteristics  at  high  drain  bias  suggest  that  the  lateral  -  field  model 
for  holes  is  not  accurate  at  high  lateral  fields. 


Fig.3.  (a)  Id,  -  V.,  (Vdt  =  0.1V)  and  (b)  Id,  -  Vd,  characteristics  of  an  n-MOS  lightly-doped  drain  transistor  with 
a  gate  length  of  0.53pm  and  width  of  3.9pm  and  gate  oxide  thickness  of  12.5nm.  The  dots  are  calculated  data  points 
using  the  device  simulation  program. 


/*  (pA)  Afc(mA)  Vgs  (V) 


Fig.4.  (a)  ld,  -  V„  (Vd,  =  -  0.1V)  and  (b)  Id,  -  Vd,  characteristics  of  a  p-MOS  buried  channel  transistor  with  a 
gate  length  of  0.60pm  and  width  of  4.2pm  and  gate  oxide  thickness  of  lOnm.  The  dots  are  calculated  data  points 
using  the  device  simulation  program. 


6.  CONCLUSIONS 

It  appears  that  a  simple  mobility  model  with  three  parameters  can  describe  a  large  amount  of  experimental 
data.  The  model  was  successfully  incorporated  into  a  two  -  dimensional  device  simulation  program  which 
subsequently  predicted  0.5pm  MOS  transistor  behaviour  in  good  agreement  with  experiment 
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"WCAP"  :  WORST  CASE  ANALYSIS  PROGRAM  :  A  TOOL  FOR  STATISTICAL  CIRCUIT 
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Resume  -  Le  but  du  programme  ‘WCAP1  est  d'extraire  auto mat iquement  les  dispersions 
des  parametres  du  premier  ordre  d'un  modele  CAO,  directement  depuis  plusieurs 
histogrammes  d'indicateurs  classiques  (tension  de  seuil,  courants  statiques,  ...) 
usuel lenient  mesures  sur  des  testeurs  industriels. 

Abstract  -  The  goal  of  'WCAP'  Program  is  to  extract  automatically  first  order 
CAO  model  parameter  spreads  directly  from  various  histograms  of  classical  indicators 
(threshold  voltage,  static  currents,  ...)  usually  measured  on  industrial  parametric 
testers. 

INTRODUCTION 


Usually,  these  spreads  of  first  order  parameters  were  either  directly  measured  on  sophisti¬ 
cated  R  &  0  parametric  testers  for  new  processes,  or  "estimated"  by  process/design/model 
people  for  industrial  processes.  In  both  cases,  the  estimated  spreads  of  first  order  model 
parameters  let  to  overestimated  and  unrealistic  spreads  of  electric  quantities  (current, 
access  time,  ...)  mainly  because  3-sigma  variations  on  each  first  order  parameter  induce 
5  to  8  sigma  variations  on  current  or  access  time  which  are  complex  functions  of  ALL  the 
first  order  model  parameters. 

In  'WCAP'  program,  the  indicators  used  to  control  the  process  are  considered  as  lines' 
functions  of  the  first  order  model  parameters  whose  sensitivity  coefficients  are  calculated 
using  multivariable  regression  procedure.  Chapter  1  will  show  how  at  this  point,  their 
theoritical  histograms  may  be  easily  calculated  analytically.  The  fit  with  experimental 
distributions  thus  leading  to  REALISTIC  minimum  and  maximum  values  for  the  first  order 
model  parameters  is  described  in  chapter  2.  A  real  application  is  then  developed. 

1  '  MATHEMATICAL  MODEL  OF  PROBABILITIES 

The  fundamental  basis  of  the  program  Is  the  exact  calculation  of  probabilities  for  linear 
functions  of  variables.  This  calculation  is  rather  easy  in  the  case  of  2  or  3  variables 
when  each  of  them  varies  unlformaly  over  a  given  range  and  figure  1  sunraarizes  one  particular 
case  with  3  variables.  Larger  number  of  variables  should  Induce  triple,  quadruple,  ... 
Integrals  and  complex  distribution  (Gaussian  Instead  of  Uniform)  lead  to  non-analytical 
Integrals.  That  is  why  we  assumed  the  2  following  keypoints  : 
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i)  each  Indicator  can  be  considered  as  a  linear  function  of  the  first  order  model  parameters. 
11)  the  distribution  of  each  first  order  model  parameters  is  uniform. 


Pv 


c  c  c 


Fig.  1  -  Theoritical  histogram  of  a  linear  function  of  3  variables  uniformaly  distributed 

2  -  ADJUSTMENTS  OF  MODEL  PARAMETER  SPREAD  TO  FIT  HISTOGRAMS  OF  INDICATORS 

The  previous  assumptions  are  valid  when  the  indicators  are  properly  chosen.  In  the  case  of  MOS 
devices,  the  following  indicators  should  be  selected  : 

i)  threshold  voltage  on  a  long  and  wide  MOST  (may  be  different  substrate  biases) 

ii)  static  current  on  a  long  and  wide  MOST  (may  be  different  biases) 

iii)  static  current  on  a  short  and  wide  MOST  (may  be  different  biases) 

1 v)  static  current  on  a  long  and  narrow  MOST  (may  be  different  biases) 

A  multivariable  regression  applied  on  each  Indicator  versus  the  different  model  parameters 
(TOX,  NB,  UO,  DL,  DW)  can  be  easily  performed  and  the  agreement  is  fair.  Note  that  the 
other  second  order  model  parameters  have  been  measured  on  typical  wafers  and  are  kept 
constant.  This  remains  correct  as  soon  as  there  is  no  correlation  among  parameters.  That 
is  why  we  used  a  specific  home-made  model  for  MOS  devices  whose  parameters  are  independent 
/l/.  III  and  translation  to  other  simple  models  are  then  performed. 

The  simple  linear  formula  used  to  represent  the  indicators  allow  an  easy  and  fast  calculation 
of  their  distribution,  assuming  an  uniform  distribution  of  every  model  parameter.  At  this 
step,  we  use  Marquartd's  algorithm  /3/  to  fit  actual  distributions  by  modifying  the  window 
of  first  order  model  parameters. 
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3  -  APPLICATION  TO  OIOS  1.2  U  PROCESS 

We  validate  this  program  on  a  1.2  u  CMOS  process  and  we  now  present  the  case  of  the  N-channel 
MOSFET  family.  The  chosen  indicators  were  in  that  case  : 

i)  threshold  voltage  at  VBS=0  for  W/L=25/25 

ii)  static  current  for  W/L=25/25  and  VDS=0.1,  VGS=5,  VBS=0 

iii)  static  current  for  W/l=25/25  and  VDS=5.0,  VGS=5,  VB$=0 

iv)  statis  current  for  W/L=25/l .2  and  VDS=0.1,  VGS=5,  VBS=0 

v)  static  current  for  W/L=25/1.2  and  VDS=5.0,  VGS=5,  VBS=0 

vi)  static  current  for  W/L=l .2/25  and  VDS=0.1,  VGS=5,  VBS=0 

vii)  static  current  for  W/L=l . 2/25  and  VDS=5.0,  VGS=5,  VBS=0 

The  model  parameters  whose  spread  were  fitted  are  : 

i)  oxide  thickness 

ii)  channel  doping  level 

iii)  mobility 

iv)  difference  between  drawn  and  electrical  poly  length 

v)  difference  between  drawn  and  electrical  poly  width 

Figures  2  to  4  are  output  examples  pointing  out  the  accuracy  of  this  analysis.  The  different 
assumptions  are  so  realistic  and,  moreover,  there  is  a  strong  relation  between  the  final 
spread  of  each  model  parameter  and  its  real  one  that  could  have  been  measured  (see  figure 
5). 


Dashed  histograms  :  experiment 
Dotted  histograms  :  theory 


Fig.  2  -  Distribution  of  threshold  voltage  for  a  long  and  wide  MOST 
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Dashed  histograms  : 
Dotted  histograms  : 


Fig.  3  -  Distribution 


Dashed  histograms  : 
Dotted  histograms  : 


Fig.  4  -  Distribution 


Stars  :  experiment 
Cont  :  theory 


experiment 

theory 


of  saturation  current  for  a  long  and  wide  HOST 


experiment 

theory 


of  saturation  for  a  short  and  wide  MOST 


Histogram 

10*[») 


Fig.  5  -  Actual  and  extracted  by  'WCAP'  histograms  for  DELTAL  model  parameter 


4  -  CONCLUSION 


This  program  is  an  efficient  tool  to  evaluate  accurate  spreads  of  model  parameters  needed 
for  circuit  simulation  directly  from  histograms  built  with  data  from  production  line. 

Once  the  spread  of  each  model  parameter  is  known,  actual  worst  case  parameter  sets  can 
be  built.  The  same  kind  of  analysis  might  be  applied  on  results  of  SPICE  simulations  to 
know  the  theoritical  distribution  of  desired  variables  (access  time,  gain,  bandwidth, 
...).  Once  this  is  done,  the  design  yield  of  a  circuit  can  be  evaluated.  To  do  so,  some 
software  must  be  written  to  generate  SPICE  input  files  and  to  extract  automatically  its 
results  of  simulation.  This  is  the  key  to  achieve  proper  simulations  of  analog  circuits 
when  worst  cases  cannot  be  easily  defined. 

The  methods  used  in  'WCAP'  program  can  be  applied  to  every  model,  whose  input  parameters 
are  independent,  for  MOS  technologies  as  well  as  BIPOLAR  ones. 

REFERENCES 

/l /  N.  Ballay,  B.  Baylac,  N.  Rauber,  "Threshold  Voltage  Model  for  Complex  MOS  Structures 
of  VLSI  Technologies",  ESSDERC  Tech.  Dig.,  1984 
111  N.  Ballay,  B.  Baylac,  N.  Rauber,  “3-D  Analytical  Model  of  N  and  P  MOSFET's  for  Enhance¬ 
ment  and  Depletion  Mode  Devices  in  the  Submicron  Range",  ESSDERC  Tech.  Dig.,  1984 
/3/  D.W.  Marquardt,  "An  Algorithm  for  Least-Squares  Estimation  of  Nonlinear  Parameters", 
J.  Soc.  Indust.  Appli.  Math.,  Vol.  11,  no. 2,  Jun  1963 


JOURNAL  DE  PHYSIQUE 

Colloque  C4,  supplement  au  n°9,  Tome  49,  septembre  1988 


C4-2  75 
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Resume  -  La  densite  des  centres  de  recombinaison  type  Shockley- Read -Hall  due  aux  etats  localises 
situes  dans  le  prolongement  de  la  bande  des  porteurs  minoritaires  a  ete  calculee  pour  le  silicium 
fortement  dope.  Nous  prouvons  que  l’effet  de  ces  etats  devient  dominant  pour  des  concentrations 
de  dopage  superieur  a  10,T  cm'1. 


Abstract  -  Shockley-Read-Hall  recombination  center  density  due  to  the  localized  states  in  the 
minority  carrier  band  tail  has  been  calculated.  It  is  shown  that  in  heavily  doped  silicon,  the  effect 
of  these  band  tail  states  is  comparable  to  or  more  important  than  that  due  to  deep  states  and 
modifies  the  lifetime  of  minority  carriers  significantly. 


1  -  INTRODUCTION 


In  the  bulk  of  a  semiconductor,  Shockley-Read-Hall  (SRH)  recombination  assumes  the  presence  of  all  recom¬ 
bination  centers  at  a  single  energy  level  in  the  energy  band-gap.  The  recombination  rate  is  given  by 


U.= 


<rn<r,vthNt.{pn  -  n?) 


<r„[n  +  mexp(Et  -  Ei)/kT]  +  <rp[p  +  mexp(Ei  -  Et)/kT] 


(1) 


where  er„  and  <rp  represent  the  electron  and  hole  capture  cross  sections,  N,  is  the  recombination  center 
density  per  unit  volume,  is  the  carrier  average  thermal  velocity,  n  and  p  are  the  electron  and  hole 
concentration  respectively,  n<  is  the  intrinsic  carrier  concentration,  Et  is  the  intrinsic  energy  level  and  Et  is 
the  recombination  center  energy  level,  k  is  Boltzman  constant  and  finally  T  is  the  absolute  temperature. 

When  a  continuum  of  localized  states  is  inserted  in  the  energy  band-gap  a  more  generalized  formula  has  to  be 
used.  In  this  case  the  density  of  the  recombination  centers  7Vt  has  to  be  modified  to  consider  the  continuous 
nature  of  the  localized  states.  A  per  unit  energy  per  unit  volume  density  of  states  D(E)  now  replaces  Nt 
in  equation  (1)  and  the  recombination  rate  equals  the  integral  of  the  per  energy  rate  over  all  the  continuum 
levels.  The  resulting  expression  has  the  form 


U=  J 


_ <Tngpi’^I>(^).(pn  -  n])dE _  _  J  u(E)dE 

Eg  +  rnexp(E  -  Ei)/kT]  +  <rp[p  -i-  niexp(Ei  -  E)/kT )  Eg 


(2) 


This  procedure  has  been  followed  for  instance  to  describe  the  surface  recombination  rate  U,.  In  this  case, 
however,  D(E)  has  a  per  unit  energy  per  unit  area  dimension.  In  a  heavily  doped  semiconductor,  potential 
energy  fluctuations  result  in  energy  tails  that  appear  at  the  conduction  and  valence  band  edges  and  extend 
deeper  in  the  band-gap.  The  localized  states  in  these  band  tails  act  as  recombination  centers.  Though  they 
are  situated  far  away  from  midgap,  the  density  of  these  states  might  be  so  high  such  that  they  contribute 
signtf  jantly  to  U .  Tne  total  recombination  rate  in  the  bulk  of  a  heavily  doped  semiconductor  should  therefore 
be  expressed  by  equation  (2).  The  integration  should  be  carried  out  starting  from  the  lowest  localized  state 
level  in  the  tail  of  the  valence  band  up  to  the  highest  localized  state  level  in  the  tail  of  the  conduction 
band.  This  integral  can  therefore  be  splitted  into  three  components.  The  first  component  represents  the 
recombination  rate  caused  by  the  centers  situated  at  the  discrete  level  near  midgap  wnich  is  responsible  for 
the  recombination  process  taking  place  in  unperturbed-band  material.  The  second  and  third  components 
represent  the  recombination  rates  caused  by  the  centers  in  the  tail  of  the  valence  band  and  in  the  tail  of  the 
conduction  band.  In  heavily  doped  semiconductors,  equation  (2)  can  therefore  be  written  as 


U  =  Uo+  !  u(E).dE  +  !  u (E).dE 

VBtail  CBtail 


(3) 


In  terms  of  lifetime,  equation  (3)  can  be  rewritten  as 


1  /rtq  =  1/t„  +  1/t„k  +  l/rc(,t 
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where  req  is  the  equivalent  lifetime,  r„  represents  the  lifetime  due  to  recombination  at  the  discrete  center 
near  midgap,  and  r„st  and  rcj,(  represent  the  lifetime  due  to  recombination  in  the  tail  of  the  valence  band 
and  in  the  tail  of  the  conduction  band,  respectively.  Note  that  band  tails  are  fundamental  phenomena  in 
heavily  doped  semiconductors  and  therefore  the  recombination  taking  place  through  the  band  tail  centers  is 
associated  with  a  lifetime  that  represents  a  fundamental  limit.  We  shall  neglect  here  the  recombination  rate 
due  to  recombination  via  the  localized  states  in  the  majority  carrier  band  tail,  if  such  states  would  exist.  In 
such  a  situation  equation  (4)  reduces  to 


1/t,,  =  1/t„  +  l/r6, 


(5) 


where  r&(  represents  the  lifetime  due  to  recombination  via  the  centers  located  in  the  minority  carrier  band 
tail  and  is  given  by 

l/'Tfct  =  ^mino^thNtbt  (®) 

where  Ntbt  represents  the  effective  density  of  recombination  centers  in  the  band  tail.  By  combining  equations 
(2),  (3),  (5)  and  (6)  Ntbt  for  n-type  material  can  be  expressed  as 


Ema  x 


Ntht  =  / 

Emin 


_ D(E).dE _ 

1  +(ni/n).(trp/tT„).exp(Ei  -  E)/kT 


(7) 


In  order  to  calculate  Ntbt,  D(E)  should  be  known.  In  section  2  we  introduce  some  functions  that  can  be  used 
to  represent  D(E).  Also,  the  limits  of  integration  must  be  defined.  Section  3  deals  with  the  model  followed 
to  determine  the  localization  edge  in  the  minority  carrier  band  tail.  In  section  4  the  doping  dependence  of 
Ntbt  { rbt )  >3  discussed  and  in  section  5  some  numerical  examples  are  presented  and  fitting  of  experimental 
data  is  carried  out.  Finally  a  short  discussion  followed  by  a  conclusion  is  presented  in  section  6. 


2  -  DENSITY  OF  STATES  IN  THE  BAND  TAILS 

In  heavily  doped  semiconductors,  energy  band  tails  are  created  due  to  potential  energy  fluctuations  as  it  is 
schematically  represented  in  Fig.l.  Tne  parabolic  representation  of  the  energy  band  states  does  not  hold 
anymore.  A  relatively  simple  model  for  the  new  density  of  state  function  was  given  by  Kane  [1].  In  his 
model,  the  potential  energy  fluctuation  is  assumed  gaussian  with  a  standard  deviation  8.  The  potential 
energy  fluctuation  arises  from  the  Coulomb  potential  of  the  ionized  impurities  per  unit  volume  that  are 
randomly  distributed  on  lattice  sites.  The  rms  potential  energy  fluctuation  6  is  therefore  given  by  [2] 

6  =  qt/(4i'().[2ir(N+  +  N;)L.\1'*  (8) 

where  L,  is  the  screening  length  which  depends  on  the  carrier  concentration  and  on  temperature.  The  border 
between  degenerate  and  non-degenerate  material  is  controlled  by  a  critical  temperature  T€  which  for  n-type 
material  is  given  by  [3] 

TC{K)  =  (3/rr)2/’(/i2/8fc  m*)n^5  (9) 

where  m*  represents  the  effective  density  of  states  electron  mass.  The  material  is  non-degenerate  when  T  is 

f'reater  than  Te.  In  this  case,  the  screening  length  L,  is  quite  accurately  represented  by  the  extrinsic  Debye 
ength  [2) 

L.=(kTe/qin)^  (10) 

On  the  other  hand,  the  material  is  degenerate  when  T  is  smaller  than  Tc.  In  this  case,  L,  can  be  satisfactorily 
represented  by  the  Thomas-Fermi  screening  length  [1,2J 

£,  =  (^r€h3/m'g^)1^^.(7^/3n)1/,®  (11) 

For  the  valence  band  in  an  n-type  material,  Kerne’s  density  of  states  has  the  form 

D(E)  =  (2q„  )2/3  .{mp^3  /ir3h3  ).y(  Ef  rjv )  (12) 

where  mp  is  the  effective  density  of  states  mass  for  the  valence  band  and  rjv  =  \/28.  The  dimensionless 
variable  y  is  represented  in  integral  form  by 


y(*)  = 


f  (z  -  x)1/2  .exp(-z3)dz 


Z 


(13) 


Substituting  some  values  for  n-type  silicon  in  the  set  of  equations  (8)  to  (13),  we  obtain  D(E)  for  the  valence 
band  (minority  carrier  band)  which  is  diplayed  in  Fig.2  together  with  the  parabolic  band. 

Other  models  have  been  proposed  to  represent  the  band  tail  states.  For  comparison,  the  density  of  states 
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based  on  H&lperin  and  Lax  model  [4]  is  plotted  together  with  Kane’s  density  of  states  in  Fig.3  J5J.  The  model 
of  Halperin  and  Lax  takes  into  account  the  kinetic  energy  of  the  carriers  when  solving  Schroedinger  equation. 
This  kinetic  energy  was  neglected  in  Kane’s  model  and  therefore  it  results  in  a  much  larger  density  of  states. 
The  extent  to  which  kinetic  energy  effects  reduce  band  tailing  depends  on  the  kinetic  energy  h?  j2m'L\  in 
relation  to  6.  Localized  tail  states  have  also  been  described  by  mobility  edge  models  (e^g.[6]).  We  use  Kane’s 
model  here  merely  to  illustrate  the  importance  of  band  tails  in  determining  U .  The  effect  can  be  evaluated 
for  any  other  model  of  band  tails  in  a  similar  way. 

3  -  DETERMINATION  OF  THE  LOCALIZED  STATES  IN  THE  BAND  TAILS 

In  order  to  determine  the  recombination  center  levels  in  the  band  tail,  one  has  to  define  sharply  the  localization 
edge  which  is  the  energy  level  that  separates  the  localized  states  from  the  extended  states  in  the  tail.  Using 
a  carrier  transport  model  based  on  effective  medium  theory  [7]  and  percolation  theory  [8],  one  can  determine 
accurately  the  edge  of  localization  in  the  minority  carrier  band  tail.  This  model  assumes  that,  due  to  band 
edge  distortion,  the  volume  of  a  heavily  doped  silicon  crystal  is  divided  into  potential  wells  and  barriers  of 
different  height  as  shown  in  Fig.4.  The  barriers  constitute  non  conductive  regions  and  free  carriers  can  move 
between  the  hills  only.  The  fractional  space  /  occupied  by  free  holes  of  energy  E  is  given  by 

/  =  l/2er/c(E/»?„)  (14) 

It  is  known  that  in  a  binary  mixture  of  conducting  (with  conductivity  gi )  and  insulating  particles,  the  effective 
conductivity  in  three  dimensions  is  given  by  [9] 

9  —  l/2-Si-(3/  —  1)  (15) 

Therefore,  if  /  is  smaller  than  the  percolation  threshold  fpc  =  1/3  the  conductivity  g  becomes  zero.  Putting 
/  =  1/3  in  equation  (14)  we  get  the  percolation  threshold  energy 

E  =  Epc  =  0.4306  S  (16) 

which  represents  the  localization  edge  and  in  the  same  time  the  lower  integration  limit  Emln  of  equation  (7). 

All  states  with  energy  above  Erc  are  localized  and  act  as  recombination  centers.  Due  to  their  high 
density,  only  those  centers  having  energies  within  a  few  6's  from  Epc  are  effective.  Numerical  results  show 
that  centers  having  energies  greater  than  6  6  contribute  to  the  band  tail  recombination  by  less  than  0.01  %. 
Therefore,  we  substitute  for  the  higher  integration  limit  of  equation  (7)  by  Em„r  =6  6. 

4  -  DOPING  DEPENDENCE  OF  THE  BAND  TAIL  LIFETIME 

As  discussed  in  the  introduction,  the  recombination  taking  place  via  band  tail  centers  is  characterized  by 
a  lifetime  tk  and  an  equivalent  center  density  Ntbl.  At  low  doping  Ntbt  is  extremely  small  such  that  the 
band  tail  recombination  is  negligible.  In  this  case,  the  lifetime  req  is  totally  governed  by  recombination  via 
the  centers  situated  at  the  discrete  energy  level  near  midgap.  Assuming  that  the  density  of  these  centers 
is  independent  of  the  doping  level,  req  will  also  be  independent  of  the  doping  level  and  equals  t„.  At  high 
doping  levels  the  density  of  the  band  tail  centers  Ntkt  becomes  large  such  that  req  becomes  much  smaller 
than  ra  and  approximately  equal  to  Tbt.  Since  W,6,  increases  rapidly  with  the  doping  level,  rr,  will  follow 
the  inverse  behavior.  In  a  certain  doping  range  results  of  numerical  calculations  show  that 

N«t  =  CNa  (17) 

where  C  and  the  exponent  a  are  constants  and  N  is  the  doping  concentration.  Combining  equations  (5)  and 
(17),  the  equivalent  lifetime  Ttq  can  be  expressed  as 

Ttq  =  i  +  (N/Nar  (18) 

Equation  (18)  states  that  at  low  doping  concentration  (N/N 0)a <<  1  and  rrq  =  t0  while  at  high  doping 
levels  (N/N0)a>>  1  such  that  rtq  =  r0(N0/N)a. 

5  -  NUMERICAL  RESULTS  AND  COMPARISON  WITH  EXPERIMENTAL  DATA 

The  band  tail  recombination  center  density  Nti,t  as  expressed  in  equation  (7)  is  plotted  in  Fig. 5  versus  doping 
level  taking  the  electron  to  hole  capture  cross  section  ratio  R  as  an  independent  parameter.  At  each  doping 
level  D(E)  is  replaced  by  its  corresponding  Kane’s  function.  Emi„  and  Emat  are  determined  in  the  way 
described  in  section  3.  The  intrinsic  carrier  concentration  is  modified  to  include  band-gap  narrowing  (10). 
As  expected,  a  continuous  increase  in  Ntbt  with  doping  level  is  obtained.  In  the  doping  range  10'®  -  1019 
cm-1  the  exponent  a  of  equation  (17)  is  strongly  dependent  on  R.  In  order  to  fit  our  theory  to  the  reported 
experimental  data  representing  the  fundamental  minority  carrier  lifetime  in  n-type  and  p-type  material  (11) 
we  have  to: 
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1)  determine  the  constants  t„,  Na  and  a  of  equation  (18)  from  the  experimental  dependence.  Indeed,  r0  is 
the  constant  lifetime  of  the  low  doping  region,  Na  is  the  doping  level  at  which  re?  =  r0/2  and  a  is  the  slope 
of  the  high  doping  region. 

2)  use  Fig. 5  to  relate  the  value  of  a  to  its  corresponding  R  value  (note  that  due  to  the  difference  in  the  effective 
mass  of  the  minority  carrier,  D(E)  hence  Nt u  are  not  equal  for  p-type  and  n-type  silicon).  Consequently  the 
Ntbt  curve  that  has  to  be  considered  is  defined.  Knowing  Ntbt  and  Tbt  and  using  equation  (6)  we  are  able  to 
extract  the  value  of  the  minority  capture  cross  section.  Since  R  has  been  determined  in  a  previous  step,  we 
can  now  obtain  a  value  for  the  majority  capture  cross  section. 

The  results  of  such  procedure  for  n-type  and  p-type  material  are  given  in  table  1  and  the  fit  is  displayed 
in  Fig.6.  The  values  of  R  seem  reasonable  and  lie  in  the  range  reported  in  the  literature.  On  the  other  hand, 
the  values  of  <r„  and  <rp  are  very  small  compared  to  the  values  usually  met.  This  result  could  have  been 
expected  since,  as  discussed  earlier,  Kane’s  density  of  states  are  overestimated  and  a  more  accurate  model 
such  as  the  one  in  [4]  would  reduce  D(E)  by  two  orders  of  magnitude.  Therefore,  Ntbt  would  roughly  be 
reduced  also  by  the  same  amount  which  leads  to  an  increase  in  tne  extracted  capture  cross  section  values  by 
a  factor  of  100.  On  the  other  hand,  the  idea  that  the  tail  recombination  centers  have  smaller  capture  cross 
sections  than  the  deep  level  center  is  not  totally  rejected. 


Table  1 

quantity 

n-type 

p-type 

R 

0.01 

3 

constants 

T0  (s) 

a 

N0(  cm-3) 

results 

•  | 

6  -  DISCUSSION 

More  generally,  the  reported  experimental  values  of  the  fundamental  minority  carrier  lifetime  suggest  values 
for  the  quantity  <r.Nt  between  10  '4  and  10-1  /cm  in  the  doping  range  10]8  •  1019  cm-3  respectively.  Con¬ 
sidering  that  reasonable  values  of  <r  would  lie  between  10-13  and  1 0 ~ 1 7  cm2,  the  corresponding  N,  values 
should  be  10®  -1013  cm-3  at  a  doping  of  101*  cm-3  and  1012  -  1016  cm-3  at  a  doping  of  1019  cm-3.  By 
consulting  Fig. 5  we  clearly  see  that  even  if  Ntbi  is  reduced  bv  two  order  of  magnitude  its  value  could  still 
easily  lie  in  the  range  of  values  stated  above.  We  therefore  conclude  that  band  tail  SRH  recombination  is  a 
phenomena  that  cannot  be  neglected  in  heavily  doped  silicon.  One  should  be  very  carefull  when  trying  to 
model  the  fundamental  lifetime  in  silicon  when  the  doping  level  exceeds  10* '  cm-3. 


Fig.  1  -  Schematical  representation  of  the  band  tail  formation  resulting  from  random  spatial  variation  of  the 
electrostatic  potential. 
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Fig.  2  -  Density  of  states  in  the  valence  band  of  n-type  silicon  as  calculated  using  Kane’s  model  [1]. 


Fig.  3  -  Comparison  between  the  density  of  states  calci  lated  using  hare's  model  [1]  and  Halperin  and  Lax 
model  (4). 


Fig.  4  -  Schematic  representation  of  the  three  dimension  spatial  variations  of  the  valence  band  edge  forming 
potential  barriers  and  wells  due  to  inhomogeneous  impurity  distribution  in  heavily  doped  n-type  silicon. 
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Fig.  5  -  Equivalent  recombination  center  density  in  the  band  tail  of  n-type  silicon  (D(E)=Kane’s)  versus 
doping  concentration.  R  represents  the  hole  to  electron  capture  cross  section  ratio. 


Doping  Concentration  (cm-3) 

Fig.  6  -  Fitting  of  the  experimental  data  [11]  concerning  the  fundamental  lifetime  versus  doping  for  n-type 
and  p-type  silicon  using  a  combined  SRH  lifetime  that  includes  band  tail  recombination. 
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GATE  OXIDE  QUALITY  OF  DRAM  TRENCH  CAPACITORS 
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Siemens  AG,  Microelectronic  Technology  Center,  Otto-Hahn-Ring  6, 
D-8000  Miinchen  83,  F.R.G. 


Abstract  -  The  quality  of  thin  trench  capacitor  oxide  dielectric  for 
4M  and  16M  DRAM  generations  is  investigated  by  leakage  current  and 
time  dependent  dielectric  breakdown  measurements.  Geometric  trench 
shape  and  surface  smoothness  influence  leakage  currents  and  thus  di¬ 
electric  lifetime,  but  etch  chemistry,  side  wall  redeposition  and 
contamination  are  more  important  factors  which  reduce  gate  oxide 
quality.  It  is  shown  that  silicon  removing  post  treatments  regain  gate 
oxide  quality  comparable  to  planar  capacitors. 


1  -  INTRODUCTION 

Oxides  as  thin  as  10  nm  are  currently  used  in  trench  structures  as  capa¬ 
citor  or  gate  dielectric  of  4M  and  16M  DRAMs  .  Leakage  currents  and 
breakdown  voltages  have  been  discussed  (ref.l)  but  few  reliability 
and  lifetime  studies  of  large  area  trench  structures  have  been  published 
to  date  and  the  factors  influencing  gate  oxide  quality  in  trenches  are 
not  very  well  known.  In  this  work  we  have  investigated  the  influence  of 
different  trench  etch  processes  and  post  treatments  on  gate  dielectric 
quality. 

2  -  EXPERIMENTAL  METHOD 

Etch  processes  with  CBrF3  in  a  single  wafer  triode  etcher  and  processes 
using  BC13/C12  and  CBrF3  in  a  batch  reactor  were  optimized  with  respect  to 
the  trench  profile.  The  aim  was  a  round  trench  bottom,  sidewalls  perpendi¬ 
cular  to  the  wafer  surface  without  bowing  or  undercut.  The  trench  profiles 
obtained  (l,um2  cross  section,  4-5, urn  depth)  are  summarized  in  fig.l.  For 
single  wafer  processing,  no.l  to  no. 3,  CBrF3  gas  flow  is  increased  and  for 
no. 4  CBrF3  gas  is  diluted  by  N2,  because  processes  were  more  stable  with 
respect  to  homogeneity  and  trench  profile  reproducibility  at  higher  gas 
flow.  Batch  processing  no. 5  and  6  showed  less  sidewall  redeposition  as  com¬ 
pared  to  no.  1-4  and  had  slight  trenching  (no.  5)  and  severe  trenching  (no. 6), 
respectively.  Process  no.  6  was  therefore  only  applicable  after  a  wet  aniso¬ 
tropic  etch  removing  some  100  nm  of  Si.  A  typical  example  of  sidewall  film 
is  shown  in  the  SEM  of  fig. 2.  Strong  sidewall  films  help  to  avoid  trenching  at 
the  bottom,  produce  a  round  shape  and  prevent  undercut.  Auger  depth  profiles 
for  0,  C  and  N  were  taken  at  three  trench  depths  to  analyse  the  sidewalls. 
They  proved  that  the  redeposition  (fig. 2)  consists  mainly  of  Si02. 

No  excess  carbon  was  found  inside  the  trench  as  compared  to  the  cleaved 
surface  outside  the  trench.  Nitrogen  was  however  found  for  the  diluted  pro¬ 
cess  (no. 4).  This  reduced  to  below  the  detection  limit  of  2  at.%  only  after 
°2  treatment  (fig.  3).  Different  post  treatments  were  applied  to  re¬ 

move  sidewall  films,  contamination  or  Si  damage  vizs  buffered  HF  (BHF)  oxide 
etching,  02  barrel  reactor  plasma,  CF4/02  isotropic  dry  Si  etch  and  aniso- 
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Fig.l:  SEM  micrographs  of  the  trench  process  of  six  different  etch 
processes  after  removal  of  sidewall  redepositions. 


a) 


Single  wafer  processes  with  CBrF3  b) 

#  1  low  \ 

#  2  medium  l  gas  flow 

#  3  high  J 

#  4  N2  diluted  J 


Batch  processes 

#  5  CBrF3/BCl3/Cl2 

#  6  BC13/C12  (including 
wet  anisotropic  Si  etch) 


Table  Is  Process  flow 

p-type  <100>  Si 
deep  p-well 
LOCOS  isolation 
trench  mask 
mask  etching 

trench  etching  (4-5 /um  deep) 
redeposition  etching 
post  treatment 
As  trench  doping 
sacrificial  oxide 
gate  oxidation  13.5  nm 
poly-Si  deposition  and  doping 
trench  refill 

poly-Si  electrode  patterning 


Fig. 2:  SEM  micrograph  (oblique  view) 
of  trench  process  #  2  showing 
typical  sidewall  redeposition 


tropic  wet  Si  etching  using  an  organic  base  etchant.  Trench  and  planar  capa¬ 
citor  arrays  of  lnrnr  active  area  and  an  oxide  dielectric  of  d-13.5  nm  were 
then  fabricated  with  the  process  flows  given  in  table  1.  A  SEM  cross  sec¬ 
tion  of  the  gate  oxide  at  the  upper  trench  corner  is  given  in  fig. 4. 

Tunneling  currents  of  trench  and  planar  capacitor  arrays  were  measured 
(fig. 5)  revealing  sharp  corners  at  the  upper  trench  edge  (gate  positive) 
or  at  the  trench  bottom  (gate  negative) .  Early  failures  were  determined  by 
loading  the  capacitors  with  a  constant  current  of  60  /UA/cm2  to  the  satu¬ 
ration  voltage  (70  msec)  and  accepting  only  those  systems  that  reached 
5-12  MV/ cm.  To  test  stability  a  test  condition  of  l  mA/cm2  for  0.5  sec  was 
chosen  as  an  accelerated  stress  to  obtain  reasonable  measuring  times.  This 
condition  corresponds  to  a  charge  density  of  5.10“4  c/cm 2  and  occuring 
failures  are  classified  as  defect  related  (ref. 2).  On  a  few  batches  long 
term  measurements  at  the  same  current  density  were  performed  in  oruer  to 
determine  the  charge  necessary  for  an  intrinsic  breakdown  (ref. 3). 
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BHF 

+0g  plasma 

02  plasma 
(15  min) 

BHF 

(7:1,  JO  sec) 

no  post 
treatment 


Fig. 4: 


Trench  depth 

Fig. 3:  Auger  signal  of  nitrogen  on  trench 
sidewall  (process  #  4)  at  three 
depths,  normalized  to  the  cleaved 
surface  outside  the  trench 


TEM  cross  section  of  the  upper 
trench  corner 

a)  as  etched  (surface  roughness 
on  trench  sidewall  is  3nm) 

b)  after  sacrificial  and  gate 
oxidation 


3  -  RESULTS  AND  DISCUSSION 


The  trench  tunneling  curves  of  (fig. 5)  are  due  to  the  oxide  thinning 
at  the  upper  trench  corner  (fig. 4) .  The  close  agreement  of  trench  and  pla¬ 
nar  curves  for  gate  negative  show  that  the  trench  bottom  is  round.  Process 
no. 5  and  6  show  here  reduced  values  and  a  much  larger  spread.  The  small 
spread  of  trench  curves  indicates  a  very  homogeneous  thin  oxide  at  the 
upper  trench  corner  across  wafer  and  batch.  The  oxide  thinning  should 
therefore  only  reduce  intrinsic  oxide  breakdown.  If  defect  related  break¬ 
down  occurs  it  should  not  be  related  to  this  oxide  thinning. 


Vgate  [VI 

Fig. 5:  Tunneling  currents  for  both  gate  polarities  from  25  die  on  one 
wafer  for  planar  and  trench  capacitor  arrays  (process  #  2) 


The  gate  oxide  quality  taken  as  the  percentage  of  capacitors  that  withstood 
the  above  test  criteria  is  shown  in  fig. 6.  A  reference  of  planar  capacitor 
arrays  is  given  on  the  left  and  is  compared  to  trench  process  no.l  to  6. 
Different  post  treatments  are  detailed  and  comparison  with  a  triple  trench 
dielectric  (ONO)  consisting  of  an  oxide-nitride-oxide  stack  of  13.5  nm 
oxide  equivalent  thickness  is  shown  on  the  right  (ref. 3). 

Dielectric  quality  close  to  that  of  planar  capacitors  is  found  for  process 
no.l  and  2  but  these  lack  reproducibility  in  etch  rate  and  trench  profi¬ 
le  from  batch  to  batch.  The  higher  gas  flow  leads  to  more  stable  geometric 
profiles  and  etch  rates  and  to  high  repeatability  (no. 3,  4)  but  these  pro¬ 
cesses  need  a  complex  post  treatment  to  reach  similar  yields.  The  02  plasma 
removes  the  nitrogen  (see  fig. 3)  while  HF-etching  removes  the  Si02  redepo¬ 
sitions.  Etching  off  approximately  50  nm  si  in  CF4/o2  plasma  or  by  wet  che- 
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mical  etching  improves  gate  oxide  quality.  We  assume  that  the  strong  rede¬ 
position  formation  of  process  no.  l  and  2  hinder  contamination  of  Si  side- 
walls  by  etch  products  whereas  reproducibility  is  degraded  by  a  high  degree 
of  redeposition  formation.  This  is  corroborated  by  the  fact  that  reduction 
of  nitrogen  (compare  fig.  3)  and  etching  of  Si  improve  gate  oxide  quality 
substantially  .  Another  possible  cause  for  gate  oxide  degradation  would  be 
crystal  damage  at  the  trench  bottom.  This  is  however  ruled  out  by  experi¬ 
ments  showing  no  improvements  when  process  no. 2  which  had  shown  a  good 


Fig. 6:  Gate  oxide  results  for  single  wafer  and  batch  etch  processes 
Hatched  boxes  indicate  means  and  standard  deviations. 

For  #  3  and  #  4  results  for  the  following  post  treatments 
are  shown:  A  «  wet  anisotropic  Si  etch,  B  *  0,  plasma  +  BHF 
c  =  02  plasma  +  BHF  +  dry  isotropic  si  etch.  Triple  trench 
dielectric  (0N0)  and  planar  reference  are  shown  for  compa¬ 
rison. 


The  single  wafer  processes  were  superior  to  the  batch  processes  investiga¬ 
ted  in  this  work,  presumably  because  of  enhanced  sidewall  redeposition. 


The  extremely  high  percentage  of  early  failures  of  process  no.  5  can  be 
explained  by  trenching  problems  of  varying  degree  at  the  trench  bottom. 
Similar  experiments  using  0N0  dielectrics  showed  trench  shape  to  have 
little  influence,  except  in  the  case  of  process  no. 5,  and  also  resulted 
in  superior  dielectric  quality. 

4  -  CONCLUSION 


Gate  oxide  quality  in  trench  structures  is  sensitive  to  trenchwall  conta¬ 
mination  by  etch  byproducts.  Sidewall  films  can  protect  against  these 
contamination  but  lead  to  unstable  process  conditions.  To  increase 
the  process  window  post  treatments  are  necessary.  Composite  dielectrics 
(0N0)  are  much  less  sensitive  to  the  trench  etch  process.  Even  if  these 
take  over  in  present  and  future  DRAM  generations  trench  oxide  quality 
will  remain  an  efficient  tool  for  the  optimization  of  trench  etch  processes 
in  VLSI  applications. 
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r£sum£ 

Ici  sont  analys6es  les  performances  d'une  porte  NOR  en 
technologie  BiCMOS,  Afin  de  rdduire  1' influence  de  la  dis¬ 
persion  des  param6tres  de  fabrication  sur  les  fluctuations 
des  diffdrents  courants  internes,  un  logiciel  d'aide  6  la 
conception  (Design  Centering  Program)  optimise  la  largeur  des 
transistors  MOS.  Ceci  permet,  pour  une  fluctuation  de  5%  du 
courant  de  chaque  transistor  MOS,  d'amfiliorer  les  perfor¬ 
mances  (temps  de  propagation)  du  circuit  d' environ  37%. 


ABSTRACT 

In  this  work  the  reliability  of  a  BiCMOS  NOR  Gate  is  investi¬ 
gated.  A  design  centering  program  is  used  to  dimension  the 
width  of  the  MOS  transistors  in  order  to  make  the  circuit 
utmost  insensible  to  current  efficiency  fluctuations  caused 
by  process  parameter  deviations.  Therewith  the  reliability 
could  be  increased  by  37%  while  the  current  efficiency  of  the 
single  MOS  transistors  fluctuates  within  its  5%  value. 


1.  INTRODUCTION 

For  conventional  circuit  design  it  is  almost  impossible  to  take 
into  account  processing  fluctuations  and  environmental  influences 
(e.g.  supply  voltage,  temperature)  on  circuit  reliability.  One  way 
to  get  rid  of  this  problem  is  the  so-called  "worst  case  design". 
But  this  is  often  an  elaborate  way.  A  better  choice  for  improving 
circuit  reliability  is  a  design  centering  program,  that  will  give 
a  circuit  design  almost  insensitive  to  parameter  fluctuations.  The 
design  centering  program  applied  here  uses  a  Monte  Carlo  search 
algorithm  for  that  case. 


2.  DESIGN  CENTERING 

The  reliability  of  circuits  depends  on  the  fluctuation  of  design 
parameters.  Mobility  of  the  charge  carriers  in  the  channel,  thres¬ 
hold  voltage  difference,  oxide  thickness  for  MOS  transistors  and 
current  gain  hfe  for  bipolar  transistors  are  the  most  important 
ones.  To  increase  the  reliability  of  a  BiCMOS  NOR  Gate  (fig.  1), 
an  essential  part  of  a  BiCMOS  SRAM  decoder,  we  used  a  design  cen- 
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tering  program  /l/.  The  circuit  has  the  task  to  switch  a 
capacitive  node  of  5  pF  faster  than  2.5  ns . 

The  switching  time  of  a  circuit  is  directly  coupled  with  the  cur¬ 
rent  efficiency  of  the  single  transistors  which  can  be  described 
by  their  channel  width  W.  Mobility,  threshold  voltage,  hfe,  gate 
oxide  thickness  and  channel  length  fluctuate  within  the  3a  value 
according  to  table  1 . 


Table  1:  Parameter  fluctuations 


oxide  thickness  ±2.5  nm 

threshold  voltage  ±250  mV 

supply  voltage  ±10% 

channel  length  ±10% 

carrier  mobility  ±10% 

current  gain  hfe  ±10% 


The  design  centering  program  generates  a  gaussian  distributed 
cloud  of  points  in  the  parameter  space  around  the  nominal  value  of 
the  transistor  width.  All  points  which  lead  to  a  switching  time 
shorter  than  2.5  ns  are  acceptable  points  and  the  mean  value  of 
all  these  acceptable  points  becomes  the  new  nominal  value.  Then  a 
new  region  of  acceptability  is  generated.  This  method  leads 
finally  to  a  circuit  design  which  is  utmost  insensitive  to  process 
fluctuations . 


3.  RESULTS 

The  result  can  be  seen  in  fig.  2.  The  design  optimized  with 
respect  to  switching  time  using  ideal  design  parameters  leads  to  a 
delay  time  of  2.1  ns.  Its  reliability  for  a  switching  time  shorter 
than  2.5  ns  reacts  extremely  sensitive  to  current  efficiency  fluc¬ 
tuations  (A) •  The  design  centered  version  (•)  shows  less 
dependence  on  this  fluctuations  even  for  extremely  high  fluctua¬ 
tions.  For  a  standard  deviation  of  5%  current  efficiency  fluc¬ 
tuation  the  improvement  on  reliability  is  37%. 

The  design  parameters  (table  2)  for  this  worst  case  analyses  are 
based  on  a  1 . 2  pm  BiCMOS  process  with  a  polysilicon  emitter  npn 
bipolar  transistor  (fig.  3). 


Table  2s  Process  characterization. 


bipolar  transistor 


MOS  transistor 


emitter  area 

1.6  pm  *  10  pm 

gate  oxide  thickness 

250  k 

hfe 

100 

N-channel 

1.1  pm 

ft 

9  Ghz 

Vth 

0.87  V 

Re 

11  a 

p-channel  L 

1.1  pm 

Rc 

40  (3 

-0.9  V 

Rb 

325  a 

c3- 

60  fF 

C  jo 

78  fF 

C  3  • 

70  fF 
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Abstract  Electron  beam  exposure  effects  on  metallised  MOS  devices  have  been 
studied.  The  results  show  that  exposure  leads  to  the  generation  of  Interface 
traps  and  positive  oxide  charge  that  can  be  almost  completely  removed  using  low 
temperature  annealing  (450°C ) .  However,  bulk  oxide  traps  generated  during  expo¬ 
sure  are  only  partly  removed  by  the  anneal  and  this  leads  to  an  Increased  trapping 
efficiency,  which  can  seriously  degrade  MOS  device  Integrity. 

INTRODUCTION 


E-beam  direct  wafer  writing  is  especially  useful  In  metal  patterning  for  discretionary 
wiring  and  wafer  scale  Integration.  However  exposure  of  MOS  devices  to  high  energy 
electrons  can  result  In  the  generation  of  oxide  bulk  and  Interface  trapping  centres,  which 
can  impair  device  performance.  Whilst  low  temperature  annealing  Is  effective  in  reducing 
interface  traps,  bulk  oxide  traps  can  only  be  completely  removed  by  high  temperature 
anneals!1,2)  and  this  creates  problems  after  metal  patterns  have  been  deposited.  Thus 
e-beam  exposure  of  metallised  MOS  devices  can  lead  to  degradation  of  device  performance  and 
lifetime  because  of  the  restrictions  on  post  e-beam  anneal  temperatures  and  times.  This 
paper  shows  the  results  of  an  Investigation  Into  the  effects  of  e-beam  exposure  on  MOS 
devices,  exposed  to  doses  In  the  range  0.15pC/cm2  to  5jjC/cm2.  The  doses  are  applicable  to 
those  required  for  metal  patterning  and  due  to  the  limited  range  of  anneal  temperatures 
that  can  be  used,  this  Is  an  Important  area. 

Experiment 


An  advanced  CMOS  process  employing  trench  Isolation,  with  a  20nm  gate  oxide,  oxide  sidewall 
spacers  and  si  lidded  source,  drain  and  gates  was  used.  The  devices  were  fully  processed 
with  their  surfaces  protected  by  thick  dielectrics  and  patterned  metal  (O.S^m  of  Al/Cu  on 
top  of  0.15pm  of  T1W  ).  Parts  of  the  wafers  used  were  kept  as  controls,  whilst  the  rest 
were  subjected  to  e-beam  doses  In  the  range  0.15pC/cm2  to  5pC/cm2  at  20k V.  No  resist  was 
used  on  the  wafers  during  exposure  and  the  doses  were  chosen  to  simulate  typical  exposures 
required  for  metal  patterning.  Measurements  were  made  before  and  after  exposure,  then  the 
samples  were  annealed  In  H2/N2  at  425*C  for  30  minutes. 

Results  and  discussion 


Flg.l  shows  the  threshold  voltage  shift,  Vt  as  a  function  of  dose  for  nmos  transistors  with 
drawn  gate  lengths  In  the  range  5pm  to  1pm.  The  threshold  voltage  was  measured  before  and 
after  exposure  to  obtain  the  Vt  shift.  The  plot  shows  that  a  rapid  shift  Is  seen,  for  even 
the  smallest  dose  (0.15pC/cm2)  followed  by  a  tendency  toward  saturation  of  Vt  as  the  dose 
Increases  further,  also  the  Vt  shift  tends  to  increase  with  gate  length.  The  shift,  which 
corresponds  to  a  reduction  In  Vt  Is  due  to  the  generation  of  positive  charge  throughout  the 
gate  oxide  during  exposure.  Besides  positive  charge  generation,  e-beam  exposure  also  pro¬ 
duced  a  large  Increase  In  the  Interface  trap  density  vrftlch  led  to  transistor  subthreshold 
and  gain  degradation.  The  subthreshold  slope  Increased  from  a  pre  exposure  level  of 
98mv/dec  to  around  300mv/dec  after  a  0.5pC/cm2  exposure  and  up  to  660mv/dec  after  a  5pC/cm2 
exposure,  whilst  the  gain  was  reduced  by  around  30*  after  a  5pC/cm2  exposure.  Junction 
leakage  also  Increased  dramatically  from  a  pre  exposure  level  of  a  few  pA  to  l-10pA  after  a 
0.5pC/cm2  dose.  This  Increased  leakage  was  mainly  attributed  to  degradation  of  the  trench 
parasitic  transistors.  These  parasitic  transistors  are  normally  off  and  suppression  of 
them  Is  paramount  for  good  and  reliable  circuit  operation!3).  The  lateral  and  vertical 
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trench  parasitic  voltages  before  e-beam  exposure  were  around  5.5V  and  5V  respectively. 

After  exposure  the  potentials  fell  by  50%  after  a  0.15pC/cm2  dose,  and  for  higher  doses  the 
trench  potentials  could  not  be  measured  on  the  test  system  due  to  the  very  high  leakage 
currents  flowing  at  zero  volts.  The  degraded  trench  potentials  are  due  to  the  generation 
of  interface  traps  and  positive  oxide  charge  in  the  trench  sidewall  oxide,  this  leads  to 
increased  depletion  and  higher  leakage  currents  flowing. 

Low  temperature  annealing  (425°C,  H2/N2,  30  mins)  led  to  almost  complete  recovery  of  the 
trench  potentials,  with  the  worst  case  being  93%  recovery  after  exposure  to  a  SpC/cm2  dose. 
The  anneal  produced  almost  complete  recovery  of  the  nmos  device  characteristics  by  reducing 
interface  trap  levels  to  their  original  values  and  removing  the  majority  of  the  generated 
positive  charge,  due  to  recombination  with  electrons  tunnelling  from  the  silicon.  Fig. 2 
shows  the  Vt  shift  as  a  function  of  dose  after  annealing,  comparison  with  Fig.l  shows  a 
drastic  recovery  in  Vt,  the  recovery  improving  with  gate  length.  The  gain  is  recovered  to 
its  pre  exposure  levels,  whilst  subthreshold  and  junction  leakage  improved  due  to  the 
reduction  in  the  interface  trap  density  and  increase  in  the  trench  potentials.  Fig. 3  shows 
the  recovery  in  the  subthreshold  characteristics  of  a  1pm  gate  length  nmos  device  exposed 
to  a  0.15pC/cm2  dose  after  annealing. 

Reliability 


In  order  to  assess  the  effects  of  e-beam  exposure  on  reliability,  charge  injection  measure¬ 
ments  were  performed  on  gate  oxides  and  electrical  stress  tests  on  nmos  devices,  biased  to 
ensure  hot  carrier  injection  into  the  gate  oxide  were  made. 

Charge  injection  measurements  were  performed  using  a  constant  current  density  of  20pA/cm2 
and  the  injection  mode  was  such  that  electrons  were  injected  into  the  oxide  over  the  oxide/ 
si  barrier.  Prior  to  e-beam  exposure  injection  measurements  determined  the  oxide  bulk  trap 
density  to  be  ~10locm-2,  after  exposure  injection  measurements  showed  a  large  increase  in 
electron  trapping.  This  large  increase  in  trapping  sites  is  shown  in  Fig. 4a  where  the 
maximum  flatband  voltage  shift  as  a  function  of  dose  is  plotted,  for  a  5pC/cm2  dose  the 
bulk  trap  density  has  increased  to  -S.lOiicnr2. 

Low  temperature  annealing,  successful  in  reducing  the  interface  trap  density  and  generated 
positive  charge,  only  partly  reduced  the  density  of  neutral  traps  as  Fig. 4b  shows,  with  the 
bulk  trap  density  now  around  2.3.10ucm2  for  an  oxide  exposed  to  a  5pC/cm2  dose.  Thus 
exposure  of  the  gate  oxide  leads  to  a  large  increase  in  the  density  of  neutral  traps  that 
can  only  be  partially  removed  using  a  low  temperature  anneal.  This  has  important 
implications  for  device  lifetime  as  Fig. 5  and  Fig. 6  show.  Fig. 5  shows  the  Vt  shift  as  a 
function  of  electrical  stress  time  and  Fig. 6  shows  gain  degradation  as  a  function  of  stress 
time,  for  exposed  and  control  (unexposed)  devices  with  1pm  gate  lengths.  The  bias 
conditions  were  set  to  give  the  maximum  substrate  current  and  arsenic  source  and  drains 
were  employed  to  ensure  any  differences  between  the  Vt  and  gain  plots  of  the  exposed  and 
control  devices  could  be  clearly  observed  without  the  need  for  large  biases.  Fig. 5  shows 
that  the  device  exposed  to  a  0. 15pC/cm2  dose  and  then  annealed  shifts  55mv  in  17  hours 
whilst  the  control  device  shifts  20mv  in  20  hours,  whilst  Fig. 6  shows  that  gain  degradation 
for  the  e-beam  exposed  device  is  significantly  larger  than  for  the  control. 

Summary 


Electron  beam  exposure  leads  to  the  generation  of  oxide  bulk  and  interface  trapping  centres 
and  positive  oxide  charge  which  leads  to  degradation  of  nmos  device  and  trench  parasitic 
characteristics.  Low  temperature  annealing  almost  fully  recovers  subthreshold,  junction 
leakage  and  gain  characteristics,  whilst  the  Vt  is  found  to  recover  to  within  25mv  of  its 
original  value,  depending  upon  gate  length.  However  the  large  density  of  neutral  traps 
introduced  during  exposure  are  only  partly  annealed  out  and  this  leads  to  increases  in  the 
oxide  trapping  efficiency  during  hot  carrier  injection  which  greatly  enhances  Vt  shifts  and 
gain  degradation,  which  can  seriously  affect  circuit  performance.  Neutral  traps  are  only 
effectively  removed  by  annealing  at  temperatures  greater  than  700 *C;  annealing  at  such 
temperatures  after  metallisation  would  require  the  use  of  non  aluminium  based  alloys, 
otherwise  reduced  doses  or  energies  during  e-beam  writing  of  metal  patterns  could  be 
required. 
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Figure. 1  :  Threshold  voltage  ahltt  as  i 
function  of  doaa,  with  gala  length  aa 


Flgure.2  :  Threehold  voltage  shift  aa  a 
function  of  doao,  with  gala  length  aa 


parameter,  aftar  annealing. 


Exposed  (0  l5tiCcm2) 


I1 


'  Exposed  and  annealed 


J  =  20p  A  cm2 
XI  =  200A 


Flgura.3  :  Pra  and  poat  anneal  aubthraahold 
charactarlatlca  for  a  20/1  nmoe  device 
exposed  to  a  O.ISpC/cm1  doaa. 


Doaa  (pOcm2) 

Flgu»a.*a  :  Maximum  ttatband  voltage  shift 
aa  a  function  of  doaa. 

Flgure.4b  :  Maximum  flatband  voltage  shift 
•  •  a  function  of  doaa,  aftar  annealing. 
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Figure. 5  :  Threshold  voltage  ehltt  at 
a  function  of  atraaa  time. 


Figure. e  :  Gain  degradation  aa  a 
function  of  atraaa  time. 
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Abstract  The  gamma  radiation  hardness  of  trench  Isolated  CMOS  has  been  assessed 
with  respect  to  the  shift  In  threshold  voltage  of  parasitic  sidewall  devices  and 
minimum  channel  length  NMOS  and  PMOS  transistors.  For  parasitic  devices,  satura¬ 
tion  of  the  threshold  voltage  shift  Is  apparent  after  20kRads.  This  Is  attribu¬ 
table  to  the  low  volume  oxide  films  Inherent  to  the  device  structure.  Drifts  In 
the  parasitic  threshold  voltage  over  a  0  to  50kRads  range  are  significantly  lower 
than  for  similar  LOCOS  field  devices.  Off-state  leakage  current  Is  generated  In 
NMCS  transistors  and  has  been  characterised  as  a  function  of  gamma  ray  dose;  such 
leakage  current  levels  also  saturate  with  Irradiation  dose. 

Introduction 


The  radiation  hardness  tolerance  of  an  MOS  transistor  Is  becoming  an  Increasingly  Important 
criterion  for  space  applications.  This  paper  describes  the  effect  of  cumulative  doses  of 
gamma  radiation  on  the  electrical  performance  of  NMOS  and  PMOS  transistors  fabricated  by  a 
one  micron  CMOS  process.  Trench  technology  was  used  for  device  Isolation  and  associated 
parasltlcs  were  compared  to  field  transistors  In  conventional  LOCOS  Isolation.  The  posi¬ 
tive  charge  generated  In  thick  field  oxides  (approximately  0.5pm)  of  LOCOS  devices  can 
rapidly  cause  parasitic  devices  to  link-up  and  short  power  supplies.  With  trench  Isolated 
devices,  a  thin  sidewall  oxide  (0.15pm)  offers  a  better  degree  of  tolerance  due  to  Its 
lower  volume.  Devices  were  Irradiated  using  a  cobalt  60  gamma  ray  source.  In  both  cases, 
for  LOCOS  and  trench,  5V  was  applied  to  either  polyslllcon  over  field  oxide  or  the  trench 
polysilicon;  this  was  especially  severe  for  the  trench  case  where  the  polyslllcon  remains 
around  OV  during  circuit  operation. 

Experiment 

The  trench  device  architecture  uses  1.8pm  deep  n-wells  In  p-type  substrate  and  2pm  deep 
trenches.  There  are  two  sources  of  oxide  charge  within  the  transistor  structure:  (1)  the 
1500 A  oxide  passivation  layer  lining  the  trench  sidewalls,  (11)  the  200A  gate  oxide  layer 
of  the  top  transistor.  The  trench  sidewall  oxide  Is  the  dominant  feature  since  It 
surrounds  the  entire  device.  On  top  of  this  Is  the  polyslllcon  filling  which  would  act  as 
a  parasitic  gate  for  any  leakage  path  to  the  substrate.  A  cross  section  of  the  trench 
structure  Is  shown  In  Flg.l, 

The  devices  were  mounted  on  test  boards  and  wired  *or  the  specific  bias  conditions  of  5V 
for  WOS  devices  and  -5V  for  PMOS  devices,  with  tb  bias  applied  to  either  the  trench  poly¬ 
slllcon  or  to  the  slllclded  gate  electrode.  A  hlg,  electric  field  would  subsequently  be 
exerted  across  the  sidewall  oxide  for  parasitic  devices  and  the  gate  oxide  for  the  top 
transistors. 

Devices  were  Irradiated  under  these  bias  conditions  In  accumulative  doses  up  to  50kRads, 
being  withdrawn  at  the  required  dose  for  d.c.  measurement.  Two  dose  rates  were  available: 
5.3kRads/hr  and  1.75kRads/m1n,  the  latter  being  selected  for  Incremental  dosages  of  lOkRads 
and  above.  The  shift  In  threshold  voltage  was  monitored  as  a  function  of  gamma  ray  dose 
together  with  any  associated  Increase  In  off-state  leakage  current.  These  were  measured 
for  both  lateral  and  vertical  trench  parasltlcs,  and  for  the  top  transistors.  Fig. 2  shows 
a  schematic  of  the  device  cross-section  and  associated  current  flow  from  the  parasitic 
transistors. 
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The  effect  of  gamma  radiation  is  to  create  electron-hole  pairs  uniformly  in  the  oxide 
layer.  Electrons  lost  to  the  substrate  will  allow  a  net  positive  charge  build-up  in  the 
oxide.  This  Increases  with  further  irradiation,  causing  the  threshold  voltage  to  shift  in 
the  negative  direction.  The  magnitude  of  this  shift  has  been  reported  to  follow  a  cubed 
relationship  with  oxide  thickness  (1).  For  PMOS  devices,  the  negative  shift  enhnces  the 
suppression  of  parasitic  action.  However,  for  WiOS  devices,  the  thresholds  are  seen  to 
fall  thereby  allowing  additional  leakage  currents  to  flow. 

The  shift  in  threshold  voltage  as  a  consequence  of  gamma  radiation  was  observed  to  saturate 
for  both  NMOS  and  PMOS  parasitics  and  top  transistors.  This  can  be  related  to  the  small 
volume  of  oxide  adjacent  to  the  device  channel  which  limits  the  amount  of  positive  oxide 
charge  build-up.  Saturation  In  the  threshold  shift  for  the  top  transistors  (Fig. 3a)  and 
PMOS  parasitics  was  observed  to  be  at  20kRads.  The  transition  to  saturation  was  softer  for 
the  NMOS  parasitics  with  the  onset  occurring  between  35  to  40kRads.  Fig. 3b  shows  the 
saturation  effect  for  the  sidewall  parasitic  devices. 

The  lateral  and  vertical  PMOS  parasitic  devices  showed  drifts  in  the  threshold  voltages  of 
68mV/kRad  and  104mV/kRad  respectively.  These  results  are  significantly  lower  than  those 
from  similar  LOCOS  devices.  Parasitic  threshold  drifts  for  LOCOS  have  been  measured  as 
high  as  420mV/kRad  for  aluminium  field  and  930mV/kRad  for  polysilicon  field  devices 
(Fig. 4),  and  therefore  can  only  tolerate  approximately  5  to  lOkRads  irradiation.  Lateral 
and  vertical  NMOS  parasitic  devices  have  demonstrated  drifts  in  threshold  voltage  of 
340mV/kRad  and  230mV/kRad  respectively.  Although  higher  than  their  PMOS  counterparts,  they 
are  still  three  to  four  times  lower  than  LOCOS.  Off-state  leakage  was  negligible  for  all 
PMOS  devices  over  the  range  0  to  50kRads.  Some  leakage  was  observed  for  the  lateral  NMOS 
parasitic,  rising  to  a  peak  of  ~9pA  after  30kRads  where  it  saturated.  The  vertical  NMOS 
parasitic  showed  a  smaller  rise,  peaking  at  ~18nA  at  the  30kRad  saturation  level.  Fig. 5a 
shows  the  variation  in  off-state  leakage  current  with  gamma-ray  dose  for  WOS  parasitics. 
The  observed  saturation  in  threshold  shift  and  leakage  current  of  the  trench  devices  as  a 
result  of  the  thin  oxide,  implies  a  tolerance  to  radiation  doses  much  higher  than  50kRads. 

The  threshold  voltages  associated  with  the  top  transistor  showed  lower  drifts  (because  of 
the  thinner  gate  oxide)  of  2mV/kRad  for  H40S  and  3.2mV/kRad  for  PMOS.  This  again  is  a 
significant  Improvement  over  LOCOS.  The  leakage  associated  with  the  NMOS  top  transistor  was 
negligible  at  low  doses,  only  being  detectable  after  30kRads  and  rising  to  2pA  at  50kRads 
(Fig. 5b).  This  is  due  to  the  charge  Inversion  along  the  trench  sidewall.  A  thinner  oxide 
and  higher  well  doping  would  reduce  the  Inversion.  In  circuit  operation,  the  field  across 
the  sidewall  would  be  about  OV  since  the  trench  polysilicon  would  be  zero.  Therefore  a 
lower  off-state  leakage  would  be  expected. 

Conclusions 


The  small  volume  of  the  trench  sidewall  oxide  is  significant  in  maintaining  tolerance  to 
radiation  harsh  conditions.  It  has  been  shown  that  the  saturation  in  the  parasitic 
threshold  voltage  shift  through  oxide  charge  build-up,  occurs  at  20  to  40KRads  and  that 
subsequent  Irradiation  will  have  no  further  effect  on  threshold  shift.  The  off-state 
leakage  Identified  in  NMOS  devices  could  be  reduced  by  higher  p-well  Implants,  thinner 
oxides  and  lower  fields  across  the  trench  oxide  during  irradiation,  with  saturation  levels 
kept  low  to  effect  the  functionality  of  static  logic  circuitry  such  as  used  in  gate  arrays. 
The  relatively  low  leakage  and  threshold  drifts  identified  for  trench  isolation  compared 
with  LOCOS  offers  excellent  potential  for  this  technology  for  operation  in  radiation  harsh 
environments. 
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Figure  1 

Cross-section  of  a  trench  structure 


Figure  2  Figure  3a 

Threshold  characteristics  ot  the  nmos 

Schematic  ot  Device  and  associated  parasitic  and  pmos  top  transistors  as  a  function 

transistors  of  gamma  ray  dose 


and  positive  for  nmos 


Current  flow  as  a  result  of  oxide  charge 
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Figure  3b 

Parasitic  threshold  voltages  as  a 
function  of  gamma  ray  dose 


Figure  4 

Field  threshold  characteristics 
for  LOCOS  devices 
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Figure  5a 


Figure  5b 


Off-state  leakage  currents  for 
nmos  parasitic  devices 


Threshold  characteristics  of  an 
nmos  transistor  as  a  consequence 
of  Irradiation 
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Ahatrart.  -  The  radiation  response  of  MOS  capacitors  and  their  degradation 
resistance  after  annealing  has  been  investigated.  Compared  to  unexposed 
samples,  irradiated  and  subsequently  annealed  MOS  capacitors  were  found 
to  be  more  prone  to  electron-induced  interface  degradation.  The  enhanced 
degradation  correlates  with  the  initial  radiation  damage  and  is  lowest  in 
TaSia  silicide  gates.  To  which  extent  hydrogen  contamination  of  the  oxide 
or  mechanical  strain  may  account  for  the  observed  results  will  be 
discussed. 


1  -  INTRODUCTION 

The  realization  of  fine-line  CMOS  structures  with  dimensions  <  0.5  um  will 
require  advanced  lithography  and  etching  techniques.  X-ray  lithography  has 
proven  to  be  a  promising  technique  for  future  submicron  semiconductor 
fabrication  /l/  and  reactive  ion  etching  is  already  in  use  for  micron  and 
submicron  feature  patterning.  Since  photon  energies  used  in  x-ray  lithography 
and  the  energies  of  the  intense  radiation  generated  in  plasma  etching  systems 
are  well  above  the  SiOa  band  gap,  electron-hole  pairs  are  generated  in  the 
oxide  during  irradiation.  As  a  result  of  hole-trapping  and  interface-state 
generation,  structural  and  chemical  changes  occur  near  the  SiOa/Si  interface 
I'll  which  will  damage  the  oxide.  The  radiation  response  is  known  to  be 
affected  by  hydrogen  contamination  131  introduced  in  the  oxide  during 
processing  as  well  as  mechanical  strain  /4/  induced  by  gate  electrodes. 
Usually,  radiation  damage  is  removed  by  low  temperature  (300°C  STS  500°C) 
forming  gas  metallization  anneals.  However,  little  is  known  regarding  the 
degradation  behavior  of  annealed  MOS  devices .  There  is  concern  that  the 
relaxation  of  the  oxide  damage  is  unstable,  leading  to  enhanced  device 
degradation  during  operation  /5/.  Especially  in  submicron  devices  with 
increased  internal  electrical  fields  and  more  severe  hot-carrier  problems  this 
may  become  a  serious  limitation  for  device  reliability. 

In  this  work,  the  radiation  response  of  MOS  capacitors  with  different  gate 
materials  and  gate  oxide  thicknesses  as  well  as  their  degradation  resistance 
after  annealing  have  been  examined . 


2  -  EXPERIMENTAL  PROCEDURES 

MOS  capacitors  used  in  this  study  were  prepared  by  means  of  a  standard  CMOS 
process  on  4-inch  <100>  Si  wafers.  Gate  oxides  of  11  to  45  nm  were  grown  at 
900°C  in  dry  Oa+HCL  ambient  and  as  gate  electrodes  n^-poly-Si ,  n^-(TaSia)- 
polycides  and  TaSia-silicides  were  used  respectively. 

All  x-ray  exposure  experiments  (E*H,,1 . 6keV)  were  performed  at  the  lithography 
beam  line  of  the  BESSY  Synchrotron  Facility  in  Berlin.  Only  specified  areas  of 
the  wafers  were  irradiated  so  that  several  differently  exposed  as  well  as 
unexposed  reference  chips  could  be  obtained  on  the  same  wafer.  To  be  close  to 
practical  processing  conditions,  no  bias  was  applied  to  the  devices  during 
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irradiation  and  the  exposures  were  in  the  sensitivity  range  of  the  resists 
envisaged  for  x-ray  lithography.  The  x-ray  doses  absorbed  in  the  gate  oxide 
with  various  gate  electrodes  were  calculated  by  means  of  the  XMAS  program  /6/. 
Compared  to  n^-poly-Si  gates,  the  total  dose  absorbed  in  SiOa  was  found  to  be 
reduced  by  »  30%  for  TaSia  silicide  and  polycide  gates.  Annealing  of  the 
exposed  wafers  was  either  performed  at  450°C  in  forming  gas  for  15  minutes  or 
at  700°C  in  pure  Na  . 

Electron-induced  oxide  degradation  was  accomplished  by  Fowler-Nordheim 
constant-current  injection  from  the  Si-substrate  (positive  gate  bias  =  PGB)  as 
well  as  from  the  gate  electrode  (negative  gate  bias  =  NGB) .  The  interface 
state  density  (Dtt)  spectrum  was  calculated  from  the  HF  and  quasi-static  C(V) 
curves  111  whereas  flatband  voltage  shifts  (  AwB)  were  determined  from  the 
HF-C(V)  curves. 


3  -  RESULTS  AND  DISCUSSION 

3.1  -  Radiation  Response  of  MGS  Capacitors 

In  Fig.lA  radiation-induced  negative  f latband-voltage  shifts  as  a  function  of 
the  incident  dose  are  shown  for  MOS  capacitors  with  different  gate  electrodes 
but  the  same  oxide  thickness  of  tox  =  25  run.  The  V7B  shifts  increase  with  dose 
and  saturate  at  =  0.3  J/cm2  due  to  space  charge  buildup  in  the  SiOa  layer.  For 
different  gate  materials  large  variations  in  the  saturation  Av*-B  values  were 
observed  which  are  paralleled  by  the  Dit  spectra  shown  in  Fig. IB.  The 
radiation  damage  was  lowest  in  TaSia  silicide  gates  which  is  mainly  attributed 
to  the  corrective  mechanical  stress  created  by  the  silicide  /8/.  Consistent 
with  the  strained-bond  model  /4/  a  corrective  compressive  strain  in  the  SiOa 
induced  by  the  TaSia  film  would  compensate  for  the  intrinsic  strain  induced  by 
oxidation.  As  a  result  of  the  increased  Si-0  bond  strength  at  the  interface, 
an  increased  radiation  hardness  (Fig.l)  and  an  improved  hot-carrier  stability 
/ 9/  is  observed.  On  the  other  hand,  in  n*-polycide  gates  the  mechanical  stress 
of  the  silicide  is  expected  to  be  efficiently  buffered  by  the  300  nm  poly-Si 
layer  so  that  the  radiation  response  should  be  comparable  to  n~-poly-Si  gates. 
However,  due  to  the  increased  amount  of  hydrogen  incorporated  into  the  oxide 
during  processing  (900°C  silicide  formation  anneal  in  forming  gas)  a  largely 
increased  radiation  sensitivity  is  obtained,  consistent  with  previous  results 
/3/ . 

Since  oxide  thicknesses  will  be  reduced  in  scaled  CMOS  devices,  we  have  also 
studied  the  radiation  response  as  a  function  of  t0x.  For  tox  values  of  >  20 
nm,  AVx»  is  proportional  to  the  oxide  thickness,  indicating  a  constant 
radiation- induced  trapped  oxide  charge  of  5.5  x  10~B  C/cm2.  However,  as  tox 


E-Em,  (eVI 

Incident  Do»e  (J/cmz) 

Fig.lt  Vx»  shifts  (A)  and  Di*  distributions  (B)  of  MOS  capacitors 
with  different  gate  electrodes  after  x-ray  exposure. 
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Pig.  2:  Dependence  of  AVa-a  (A)  and  Die  (B)  on  oxide  thickness. 

is  reduced  below  20  nm,  a  departure  from  linear  dependence  is  observed 
(Fig.2A),  suggesting  a  reduced  hole  trapping  in  thin  oxides.  The  beneficial 
effects  of  thin  oxides  with  respect  to  radiation  hardness  are  even  more 
obvious  in  the  Die  spectra  shown  in  Fig.2B.  Again,  reduced  interfacial  stress 
present  in  thin  oxides  or  different  growth  properties  during  initial  oxidation 
may  account  for  the  increased  radiation  stability. 


3-2  -  F.lectron- Induced  Interface  Degradation  of  Annealed  MDS  Capacitors 
After  a  brief  450°C  forming  gas  anneal,  a  complete  relaxation  of  the 
radiation-induced  damage  has  occurred,  as  shown  in  Fig. 3.  However,  annealing 
up  to  700°C  in  Ha-free  ambients  did  not  result  in  a  complete  reduction  of  the 


Gats  Bias  (V) 


Fig. 3:  C(V)  curves  illustrating 
recovery  from  radiation-induced 
oxide  damage  after  450°C  anneal  in 
Na-Ha. 


Fig. 4:  Vr»  shifts  as  a  function  of 
injected  charge. 
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radiation  damage.  This  result  suggests  that  H-atoms  bonded  at  defect-sites  in 
SiOa  are  responsible  for  the  relaxation  of  the  radiation-induced  oxide  damage. 

During  subsequent  constant-current  injection  experiments  the  irradiated  MOS 
capacitors  were  found  to  be  more  prone  to  interface  degradation  compared  to 
the  unexposed  ones,  as  evident  from  the  V*.B  shifts  (Fig. 4)  and  the  spectra 
(Fig.5A).  The  enhanced  degradation  is  explained  by  the  reduced  bond  energy  of 
the  Si-H  bonds  (<  3  eV)  which  are  therefore  more  easily  broken  then  Si-0  bonds 
(«  5  eV).  Consistent  with  this  interpretation,  the  susceptibility  to  electron- 
induced  interface  degradation  was  found  to  correlate  with  the  initial 
radiation  damage  level  and  was  lowest  in  TaSia  silicide  gates  (Fig.5B). 


Fig. 5s  Electron-induced  interface  degradation  in  n~-poly-Si  (A)  and 
TaSia  gates  (B)  with  tox  =  25  nm. 


.4  _  CONCLUSION 

We  have  shown  that  low  temperature  metallization  anneals  in  forming  gas  will 
only  conceal  radiation-induced  oxide  damage .  Compared  to  unexposed  samples ,  an 
increased  susceptibility  to  electron-induced  interface  degradation  was 
observed  which  was  found  to  correlate  with  the  initial  x-ray  damage  level . 
Nevertheless,  radiation  hardness  and  hence  degradation  resistance  can  be 
improved  by  the  proper  use  of  advanced  gate  materials  and  thinner  oxides  as 
well  as  avoiding  Ha  contamination  of  the  oxide  during  processing. 
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Abstract  -  MOS  transistors  have  been  used  as  sensors  to  study  non- 
catastrophic  effects  of  electrostatic  discharges  in  input  stages  with 
protection  circuits  as  well  as  output  stages  of  VLSI  circuits.  Stress 
voltages  far  below  the  destructive  level  were  found  to  cause  both, 
severe  threshold  voltage  shifts  and  transconductance  degradation.  As  a 
result  a  reduction  in  circuit  reliability  is  observed.  To  prevent 
degradation,  selected  and  improved  BSD  protection  circuits  have  to  be 
used.  It  will  be  shown  that  the  standard  criterium  for  ESD-hardness 
needs  to  be  extended  in  order  to  account  for  these  requirements . 

1  -  INTRODUCTION 

Micron  and  sub-micron  CMOS-Devices  are  known  to  show  an  increased  suscepti¬ 
bility  to  excessive  voltages  and  currents  caused  by  electrostatic  discharge 
(ESD)  or  similar  electrical  overstress  111 .  Consequently  the  ESD-hardness  of 
the  input  and  output  stages  has  to  be  improved.  The  accepted  characterization 
criterium  for  the  ESD-hardness  is  given  by  the  critical  voltage  V0«it  of  the 
ESD  test  model  (e.g.  Human  Body  Model  -  HBM,  Machine  Model  -  MM)  at  which 
significant  leakage  current  or  malfunction  occurs  /2/.  This  test  will  only 
consider  catastrophic  failures  caused  by  single  discharge  pulses.  Soft  damage, 
such  as  threshold  voltage  and  transconductance  degradation  in  the  CMOS  devices 
will  remain  undetected  /3/-/5/.  However,  this  unrevealed  ESD  damage  may  be  a 
serious  limitation  of  device  reliability.  This  issue  is  expected  to  become 
even  more  relevant  in  scaled  down  MOS  devices  with  reduced  gate  oxide  thick¬ 
nesses  and  increased  hot-carrier  stress  during  operation. 

In  this  work  we  have  studied  to  which  extent  non-catastrophic  effects  of  ESD- 
stress  will  cause  degradation  of  the  MOS  devices  of  input  and  output  stages. 
In  CMOS  input  stages  ESD  protection  circuits  are  integrated  to  limit  the  vol¬ 
tage  at  the  susceptible  MOS-gates.  Their  efficiency  to  prevent  degradation  has 
been  investigated.  To  account  for  ESD  effects  on  output  stages,  the  driver 
performance  of  output  transistors  has  been  studied. 

We  will  provide  experimental  evidence  that  ESD  stress  will  cause  significant 
device  degradation  and  reduce  device  reliability.  Protection  circuits  selected 
with  a  high  ESD-hardness  according  to  the  standard  tests  were  found  to  be 
insufficient  in  some  cases. 

2  -  TEST  STRUCTURES  AND  MEASUREMENT  SETUP 

For  the  electrical  characterization  of  input  stages  special  test  structures 
consisting  of  an  input  protection  circuit  combined  with  a  typical  CMOS  input 
inverter  were  used.  The  effects  on  output  stages  were  studied  at  single  driver 
transistors  without  additional  protection  circuits . 

An  especially  developed  ESD-tester  enables  a  combination  of  a  two  pin  ESP- 
stress  and  a  full  DC-characterization  of  the  test  inverter.  In  addition  to  the 
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standard  characterization  (leakage  current,  malfunction,  etc.),  MOS  parameters 
of  the  individual  transistors  of  the  input  inverter  such  as  threshold  voltage 
(Vth)  and  transconductance  (gm)  are  determined  after  each  ESD-stress. 

3  -  RESULTS  AND  DISCUSSION 

3.1  -  MOS  DEGRADATION  DUE  TO  ELECTROSTATIC  DISCHARGE 

To  determin  the  ESD-hardness  of  an  input  stage  according  to  the  standard  test 
the  voltage  of  the  ESD-model  is  stepwise  increased.  Fig.  1  illustrates  the  V*h 
shift  and  the  gm  degradation  of  the  NMOS-transistor  of  the  input  inverter 
during  a  step  stress  test  with  the  HBM.  Note  that  only  for  stress  voltages 
exceeding  the  critical  voltage  (Vo*-**)  of  -4600  V  a  significant  leakage 
current  occurs.  However,  much  below  this  value  starting  at  a  voltage  of  about 
-2000  V,  the  MOS  characteristics  are  largely  degraded.  Since  the  observed  V** 
shifts  are  negative  in  all  cases,  it  is  concluded  that  positive  charge 
trapping  in  the  SiOa  has  occured.  The  observed  V*>»  shift  and  the  changes  in 
the  transconductance  indicate  that  voltage  spikes  pass  the  protection  circuit 
and  reach  the  gate  which  are  not  high  enough  to  cause  gate  oxide  rupture  but 
will  cause  a  current  injection  into  the  gate  oxide. 
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V«d  «V)  V„d  (V) 

Fig.  1  Threshold  voltage  shift  (a)  and  degradation  of  the  transconductance 
(b)  of  the  NMOS-transistor  of  an  input  inverter  with  protection  circuit  (PC) 
vs.  stress  voltage  (Human  Body  Model  100  pF,  1.5  kOhm) 

Protection  circuits  with  different  elements  and  layout  variations  have  been 
compared.  The  protection  circuit  b)  of  Fig.  2  has  a  higher  critical  voltage 
v„it  of  -3900  V  compared  to  -2600  V  of  structure  a),  but  already  at  a  voltage 
of  about  -400  V  a  significant  shift  of  the  threshold  voltage  of  the  PMOS- 
transistor  takes  place.  Up  to  a  voltage  of  about  -2300  V  structure  a)  shows  no 
significant  degradation.  Accordingly,  structure  a)  would  be  the  better  choice. 
This  result  demonstrates  that  the  standard  ESD  specification  according  Vo*-ic 
can  be  misleading  with  respect  to  device  degradation. 
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Fig.  2  Threshold  voltage  shift  of  the  PMOS-transistor  of  an  input  inverter 
for  two  different  protection  circuits  vs.  stress  voltage  (Human  Body  Model  100 
pF,  1.5  kOhm) 
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Next  let  us  consider  the  influence  of  ESD  stress  on  output  stages  without  an 
additional  protection  circuit.  Fig.  3  shows  the  resulting  degradation  of  an 
output  transitor.  In  this  case  the  ESD  stress  voltage  is  applied  between  the 
drain  and  the  source  of  the  NMOS-transistor  (gate  floating).  Compared  to  the 
degradation  of  input  transistors,  a  similar  degradation  behaviour  is 
observed.  For  this  type  of  stress  there  are  two  possible  mechanisms  for  the 
degradation:  The  high  vertical  electrical  field  between  drain  and  gate  may 
induce  a  transient  gate  oxide  current  (loading  the  floating  gate)  and/or  the 
high  lateral  electrical  field  at  the  drain  edge  may  generate  hot-carriers.  /3/ 


Fig.  3  Threshold  voltage  shift  (a)  and  degradation  of  the  transconductance 
(b)  of  the  NMOS-transistor  of  an  output  inverter  without  protection  circuit 
vs.  stress  voltage  (Human  Body  Model  100  pF,  1.5  kOhm,VD/V») 


3.2  -  EFFECTS  ON  CIRCUIT  RELIABILITY 


Now  we  will  concentrate  on  ESD  induced  longterm  effects.  At  first  the  influ¬ 
ence  of  single  ESD-events  on  the  hot-carrier  degradation  behaviour  of  input 
transistors  is  studied.  Fig.  6  shows  the  V*.h  shift  and  the  g„  degradation  of 
an  NMOS-transistor  due  to  hot-carrier  stress  (L»*e»>l  pm,  V„=7  V,  Va=3.7  V). 
After  128  seconds  a  single  ESD-stress  (Machine  Model,  50  pF/0  Ohm/-500  V)  is 
performed.  In  this  case,  the  hot  carrier  stress  causes  a  negative  shift 
and  the  negative  shift  due  to  ESD  stress  accumulates.  After  a  brief  delay,  the 
gm  degradation  is  shiftet  to  a  higher  level.  In  any  case  the  additional  ESD- 
stress  reduces  the  device  lifetime  because  a  specified  degradation  level  is 
exceeded  earlier.  These  findings  are  paralleled  by  results  reported  recently 
in  the  case  of  output  transistors  /3/. 


Fig.  4  Threshold  voltage  shift  (a)  and  transconductance  degradation  (b)  of  an 
NMOS-transistor  due  to  hot  carrier  stress  (V0“7  V,  V0=3.7  V)  with  an 
additional  ESD-stress  after  128  sec. 

Next  the  effect  of  a  multiple  ESD-streBB  is  discussed.  Fig.  5  shows  the 
shift  caused  by  an  increasing  number  of  discharges  with  an  amplitude  far  below 
the  critical  voltage  (compare  Fig.  1).  The  degradation  caused  by  each  single 
ESD  event  accumulates  resulting  in  a  large  total  shift.  The  number  of 

discharges  resulting  in  a  functional  failure  can  be  estimated  from  this  curve. 
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Both  experiments  show  that  the  degradation  caused  by  ESD-stress  reduces  the 
lifetime  of  the  MOS  devices  due  to  cumulative  effects.  Even  low  level  ESD 
events  have  to  be  avoided  in  order  to  maintain  circuit  reliability. 


number  of  ESO  pulses 

Fig.  5  Threshold  voltage  shift  of 
the  NMOS-transistor  of  an  input 
inverter  with  protection  circuit  vs. 
number  of  discharges  with  a  constant 
amplitude  (Human  Body  Model  100  pF  , 
-1500V,  VIN/VSS ) 


time  after  ESD-stress  (hi 

Fig .  6  Annealing  behaviour  of  the 
threshold  voltage  shift  vs.  time 
after  the  initial  ESD-stress  at  a 
elevated  temperature  of  140  °C 


Further  evidence  of  the  importance  of  the  results  mentioned  above  with  respect 
to  longterm  effects  was  found  in  the  annealing  behaviour  of  ESD  induced  degra¬ 
dations.  Fig.  6  shows  the  annealing  behaviour  of  the  threshold  voltage  shift 
of  an  NMOS-transistor  which  was  caused  by  a  single  ESD-event.  Even  after  350 
hours  at  an  elevated  temperature  of  140  °C  about  81%  of  the  initial  shift  of 
430  mV  remains.  It  this  therefore  reasonable  to  assume  that  the  relaxation  of 
ESD  damage  is  not  fast  enough  to  relief  from  degradation  effects  under  normal 
operating  temperatures . 


4  -  CONCLUSIONS 

It  was  shown  that  MOS  devices  of  input/output  stages  degrade  significantly  at 
stress  voltages  far  below  the  destructive  level  when  unsuitable  protection 
circuits  are  used.  Since  the  observed  V-t*  shifts  and  g„  degradation  alter 
trigger  voltages  and  switching  times  of  the  input/output  stages,  the 
performance  is  reduced.  Multiple  ESD  events  as  well  as  single  ESD  events  in 
combination  with  hot-carrier  stress  during  operation  was  found  to  accumulate. 
As  a  result  of  this  enhanced  degradation,  a  reduction  of  circuit  lifetime  will 
occur . 


As  a  consequence  protection  circuits  have  also  to  be  selected  and  improved 
according  to  degradation  effects.  Standard  characterization  methods  were  found 
to  be  insufficient  and  in  some  cases,  misleading.  An  extended  characterization 
method  has  been  developed.  In  test  structures  the  MOS-transistors  of  input  as 
well  as  output  stages  can  be  used  efficiently  as  sensors  for  dangerous 
transient  overvoltages.  This  method  enables  a  proper  selection  and  systematic 
improvement  of  protection  circuits. 
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RAsunfe  -  Nous  observons  I'apparition  d'excroissances  sur  la  cathode  des  structures  de  test  au  cours  d’essais 
d'dlectromigration.  Ce  phdnomine  est  oppose  4  celui  habituellemer.t  observe  en  presence  de  gradients  thermiques 
61evds  aux  extfemifes  des  lignes  de  test.  Sur  les  films  Al-Si-Ti  diposds  4  80°C,  I'apparition  des  excroissances 
est  accompagnde  de  cedes  de  fortes  depressions  du  cold  de  1'anode.  En  l'absence  d'un  feseau  continu  de  joints  de 
grains,  la  quantity  de  matfere  traversant  entifcrement  la  ligne  est  ndgligeable.  II  en  rtsulte  une  divergence 
importante  du  flux  de  matiirc  aux  deux  extremifes  de  cette  ligne.  Sur  les  films  Al-Cu,  I'apparition  des 
excroissances  et  le  ddplacement  de  leur  front  vers  1'anode  est  control^  par  l'dlectromigration  progressive  du  cuivre. 
La  divergence  du  flux  de  inatiire  est  due,  comme  dans  I'expdrience  des  bandes  en  croix,  4  une  difference  entre  les 
coefficients  de  diffusion  intergranulaire  des  zones  riches  et  pauvres  en  cuivre. 


Abstract  -  We  observed  a  massive  hillock  growth  on  the  cathode  side  of  test  structures  during  electromigration 
experiments.  This  phenomenon  is  opposite  to  the  one  observed  when  high  self  healing  thermal  gradients  are 
presents.  On  Al-Si-Ti  films,  a  mass  depletion  occurs  on  the  anode  while  hillocks  grow  on  the  cathode.  The 
discontinuity  of  the  grain  boundary  network  is  responsible  for  these  effects,  which  are  correlated  to  an  enhanced 
lifetime.  On  Al-Cu  films,  hillocks  appear  at  the  negative  pad  -  end  contact  segment  junction  and  their  front 
progagaies  towards  the  anode  with  a  velocity  proportionnal  to  current  density.  As  in  the  cross  stripe  experiment, 
the  phenomenon  results  from  the  difference  between  the  grain  boundaries  diffusion  coefficients  in  Cu  depleted 
and  Cu  rich  areas. 

1  -  INTRODUCTION 

During  electromigration  experiments  on  thin  A1  films,  a  mass  flow  oriented  towards  the  anode  goes  through 
test  structures.  Mass  is  primarily  transported  by  grain  boundary  diffusion  /1 ,2/  and  mass  flow  presents  local  divergences 
at  grain  boundary  triple  points.  However,  more  generalized  flux  divergences  can  be  induced  by  differences  in  grain  sizes 
or  self  heating  thermal  gradients.  The  latter  effect  leads  to  mass  accumulation  on  the  anode  and  mass  depletion  on  the 
cathode,  which  has  provided  in  the  past  an  extensively  used  technique  for  measuring  mass  flow.  Table  1  presents  some  of 
the  experiments  published  on  this  technique.  Not  withstanding  the  fact  that  mass  accumulation  or  depletion  occurs  in  a 
quite  heterogeneous  way  (hillocks  or  voids  formation),  the  microstructure  is  assumed  to  be  homogeneous  in  regard  to 
stripe  dimensions.  This  hypothesis  does  not  seem  to  be  questionnable  when  grain  size  is  much  smaller  that  line  width. 

We  observed  a  massive  hillock  growth  on  the  cathode  side  of  test  structure  during  the  test  of  Al-Si-Ti  and 
Al-Cu  metallizations.  We  explain  how  this  particular  behavior  is  related  to  microstruclural  inhomogeneities. 


TABLE  I.  Observation  of  mass  accumulation  or  depletion. 


Metal 

Method  Line  width 
(M-m) 

Grain  size 
Oxm) 

Accumulation 

Side 

Depletion 

Side 

Reference 

A1 

T.E.M. 

25 

0.5  -  5 

anode 

cathode 

1 

A1  Electron  beam 

45 

1 

anode 

cathode 

3 

Al-Cu-Cr 

S.E.M. 

7 

1800 

anode 

cathode 

4 

Al-Mg 

E.P.M.A. 

7 

— 

anode 

cathode 

5 

A1 

S.E.M. 

4 

6 

anode 

cathode 

6 

Al-Si-Ti 

S.E.M. 

1  .4 

1 

cathode 

anode 

present  work 

Al-Cu 

S.E.M. 

4 

1 .5 

cathode 

anode 

present  work 
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2-  EXPERIMENTS 

AI-Si-Ti  (1  wl%  Si  -  1.8  wl%  Ti)  and  Al-Cu  (0.5  wt.%  Cu)  films  were  sputtered  on  respectively  Ti-W  and 
Ti-N  diffusion  barriers  both  on  1000  A  of  thermally  grown  Si02.  Film  thickness  was  0.6  pm  for  Al-Si-Ti  and  0.7  pm 
for  Al-Cu  films.  Al-Cu  films  were  deposited  with  100V  bias  voltage.  Table  II  presents  elaboration  and  electromigration 
test  conditions.  Failure  criterion  was  an  increase  of  10%  of  the  electrical  resistance.  Al-Si-Ti  films  deposited  at  80  and 
200°C  were  studied  in  T.E.M..  Cu  profile  on  both  tested  and  untested  Al-Cu  lines  was  measured  by  electron  probe 
micro-analysis  (E.P.M.A.).  All  lines  were  observed  in  S.E.M.  after  testing. 


TABLE  I  I.  Elaboration  and  electromigration  test  conditions  . 


Metal 

Deposition 

Annealed  Line  width 

Current  density 

Temper  ature 

temperature  (0C)30mn  (450tlC) 

(pm) 

(GA/m2) 

C°C) 

A1  -Si  -Ti 

80 

yes 

1.4 , 4 

15 

200 , 1 70 

Al  -Si  -Ti 

120,  160,  200 

yes 

1.4 , 4 

15 

200 

Al-Cu 

Room  Temp 

yes 

4 

lO 

200 

Al-Cu 

Room  Temp 

no 

4 

io 

200 

3-  RESULTS 

We  observe  hillock  growth  and  mass  depletion  respectively  on  the  cathode  and  on  the  anode  of  Al-Si-Ti  1.4  pm 
lines  deposited  at  80°C  (Fig.  1).  When  the  deposition  temperature  increases,  both  effects  disappear  and  the  lifetime  of  1 .4 
pm  lines  decreases  while  that  of  4  pm  lines  increases  (Fig.  2).  Grain  size  is  ranging  from  0.5  to  1.5  pm  both  for  80°C 
and  200°C  deposited  films.  Grain  boudaries  of  80°C  deposited  films  look  more  like  cell  walls  than  like  well  defined  grain 
boundaries.  Mass  depletions  observed  on  the  anode  have  lateral  dimensions  of  about  the  grain  size.  We  have  noted  that 
hillock  growth  can  occur  far  from  the  end-contact  segment  and  lest  line  junction  (farther  than  0.1  mm)  and  is  more 
heterogeneous  that  anode  depletion.  Hillocks  volume,  evaluated  by  S.E.M.  observations,  corresponds  to  a  mass  flow  of 
0.35  pm3  /  s  for  200°C  and  0.15  pm3  /  s  for  170°C  testing. 

The  behaviors  of  annealed  or  unannealed  Al-Cu  fiims  are  roughly  the  same  :  hillocks  first  appear  at  the  negative 
pad  and  end-contact  segment  junction  (Fig.  3)  then  hillock  front  propagates  towards  the  anode  with  a  velocity 
proportionnal  to  current  density  (Fig.  4).  We  detect  no  change  in  conductor  shape  on  the  anode.  Cu  profiles  indicate  a  Cu 
depletion  in  the  areas  where  hillocks  are  present.  Figure  5  show  the  typical  variations  of  electrical  resistance  of 
unannealed  lines  during  test.  We  notice,  after  a  an  exponential  type  decrease  in  the  first  hours,  a  steep  decrease  of 
resistance  occuring  approximatively  at  the  same  time  for  all  films.  Failure  occurs  randomly  during  this  decrease. 

4-  DISCUSSION 

Effects  induced  by  electromigration  can  occur  when  mass  flow  divergence  is  not  equal  to  zero  everywhere  in  the 
conductor.  However,  it  often  seems  necessary  to  define  mass  flux  in  a  given  section  of  the  test  structure  in  order  to 
calculate  diffusion  coefficients  from  the  observed  effects  III.  This  flux  can  be  expressed  as  the  sum  of  the  fluxes  in  each 
grain  boundary  of  the  considered  section  and  assuming  in  first  approximation  that  grain  boundaries  are  the  same  may  be 
written : 


J=Z*.e.p.j  /  (kT).8.D0.exp(-Q/kT).n.l  (1) 

where  J  is  the  mass  flux,  Z*.e  the  effective  charge,  p  the  resistivity  at  the  temperature  T,  j  the  cunent  density,  n 
the  number  of  grain  boundaries  crossing  the  section,  6  the  grain  boundary  width,  t  the  film  thickness,  DO  and  Q  define 
the  grain  boundary  diffusion  coefficient  D,  and  k  and  T  have  their  usual  meaning.  We  are  going  to  see  now  how 
variations  of  n  and  D  on  our  test  structures  allow  to  explain  the  observed  effects. 

Al-Si-Ti  films  deposited  at  80°C  have  a  grain  size  close  to  the  width  of  1.4  pm  lines.  Hence,  there  is  always  a 
discontinuity  of  the  grain  boundary  network  on  the  test-line  not  far  from  the  end-contact  segments,  which  means  locally 
n=0.  In  this  place,  mass  flux  divergence  is  strictly  proportionnal  to  mass  flux,  and  leads  to  strong  accumulations  or 
depletions.  Mean  time  to  failure  of  these  lines  has  been  found  higher  than  that  of  larger  lines.  This  result  can  not  be 
explained  simply  by  a  grain  size  dependence  of  electromigration  resistance  as  reported  for  others  materials  77,8/ :  when 
deposition  temperature  increases,  4  pm  lines  have  a  larger  lifetime  than  1.4  pm  lines,  the  contrary  being  obtained  on 


80°C  deposited  lines  with  the  same  grain  size.  The  cell  wall  aspect  of  grain  boundaries  in  the  80°C  deposited  films  may 
explain  a  more  homogeneous  diffusion  coefficient  than  well  defined  grain  boundaries  and  thus  divergences  at  triple  points 
of  these  structures  are  less  important  The  shorter  current  stress  duration  (lifetime  being  shorter)  associated  with  the  high 
temperature  deposited  films  is  certainly  the  reason  why  we  do  not  see  any  hillocks  on  the  cathode  of  these  films.  The 
variation  of  the  extruded  volume  with  temperature  gives  an  activation  energy  of  0.5eV  (±  0.2eV)  between  170°C  and 
20O°C.  Eq.  1  applied  to  the  end  contact  segment  gives  a  value  of  IE- 16  cm3  /  s  for  dD  at  200°C,  which  is  close  to  the 
value  of  pure  aluminium  IS/.  The  fact  that  hillocks  can  grow  far  from  the  flux  divergence  section  would  require  further 
considerations  on  stresses  and  defects  concentration  to  be  discussed. 

It  would  be  interesting  to  enlighten  the  reasons  why  such  a  hillock  growth  has  not  been  reported  for  others 
alloys.  A  competition  between  thermal  gradients  and  microstructure  effects  is  an  hypothesis,  because  our  test  structures 
tend  to  lower  the  thermal  gradients  more  than  structures  in  which  line  is  in  direct  contact  with  pad.  This  hypothesis 
becomes  questionnable  when  grain  size  is  much  lower  than  pad  size  (see  Table  I,  /6/)  because  even  if  thermal  gradients 
are  high,  bulk  diffusion  is  always  much  smaller  than  grain  boundary  diffusion  at  usual  test  temperatures.  However,  the 
case  of  passivation  cracking  localized  on  the  cathode  of  test  structure  during  electromigration  tests  on  layered  structures 
has  been  reported  /?/.  This  unexplained  behavior  was  related  to  an  increase  of  lifetime. 

The  apparition  of  hillocks  on  the  cathode  side  of  test  structure  is  related  to  Cu  depletion.  According  to  the 
numerous  studies  of  Cu  influence  on  A1  grain  boundary  diffusivity  /10,1 1,12/,  we  may  state  that  grain  boundaries  of  Cu 
depleted  areas  present  a  much  higher  diffusion  coefficient  than  those  of  non  affected  areas.  Hence  a  higher  mass  flow  in 
the  depleted  areas  and  a  mass  accumulation  (hillock  growth)  arises  at  the  edge  of  the  depleted  area.  This  explanation  has 
already  been  given  by  Ho  and  Howard  /1 1/  to  account  for  the  simultaneous  apparition  of  hillocks  and  voids  during  the 
cross  stripe  experiment  When  the  edge  of  depletion  area  travels  along  the  test  line,  an  additionnal  aluminium  volume  is 
pushed  into  the  line,  leading  to  the  observed  steep  decrease  of  electrical  resistance.  It  is  difficult  to  determine  quantitavely 
whether  hillocks  keep  growing  or  not  after  areas  have  been  completely  depleted.  However,  the  size  of  hillocks  is 
relatively  constant  on  the  end  contact  segment.  Futhermore,  the  sleep  decrease  of  resistance  ends  when  hillocks  have 
invaded  the  whole  lest  line  before  failure.  Threfore  we  conclude  that  hillock  growth  results  mainly  from  the  difference  in 
diffusion  coefficients. 
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measurements,  M.  Papapietro,  J.  P.  Joly  and  C.  Arena  for  encouraging  discussions. 
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Fig.  I.  S.E.M.  micrograph  of  a  typical  80°C  deposited  Al-Si-Ti  (w=1.4  pm)  tested  structure  <J=  1 5  GA/m2,  T=200°C, 
t=200  h) :  mass  accumulation  occured  on  the  cathode  and  mass  depletion  occured  on  the  cathode.  Line  lenght  is  300  pm. 


Fig.3.  S.E.M.  micrograph  of  a  4  pm  Al-Cu  tested  tine.  test  voltage  end  contact  negative 

Hillocks  first  appear  at  the  negative  pad  /  end  contact  segment  line  tap  segment  pad 
junction  and  hillocks  front  propagates  towards  the  anode. 


Fig.  2.  M.T.F.  of  Al-Si-Ti  1.4  and  4  pm  lines  versus  Fig.  5.  Typical  variation  of  unannealed  Al-Cu  lines 
deposition  temperature.  Failure  criterion  is  an  increase  of  resistance  during  test  (w=4  pm,  1=10  GA/m2,  T=200  °C) 
10%  of  the  electrical  resistance. 


Fig.  4.  Hillock  front  position  versus  test  duration  for  unannealed  Al-Cu  lines.  Slope  is  proponionnal  to  current  density. 
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Abstract 

A  spin-on-glass  planarization  process  in  multilevel  metallization  can  cause 
instabilities  of  metal-2-gate  field  oxid  transistors.  The  threshold  voltage 
shift  of  a  p-channel  transistor  is  reduced  for  negative  gate  bias  and  it 
can  be  accelerated  by  gate  bias  and  temperature.  The  threshold  voltage 
shift  is  caused  by  a  thermally  activated  and  field  enhanced  diffusion 
process.  The  planarization  process  leaves  SOG  inclusions,  but  the 
instabilities  are  also  observed  in  strcutres  where  no  inclusions  are 
present . 

1  -  INTRODUCTION 

In  view  of  the  decreasing  feature  size  of  CMOS  devices,  the  metallization  will 
become  the  dominant  factor  in  determining  chip  size  and  speed  performance,  two 
or  more  metallization  layers  will  be  necessary.  Planarization  techniques  have 
to  be  used  to  smooth  topography  and  thus  to  guarantee  a  sufficient  step 
coverage  of  the  second  metal  layer.  Planarization  processes  which  are  based  on 
an  etch-back-method  using  spin-on-glass  (SOG)  as  a  sacrificial  layer  meet  the 
geometrical  requirements  of  subn  technologies.  This  auxiliary  layer  is  not 
totally  removed  but  remains  in  narrow  gaps  between  first  metal  lines  111 .  The 
aim  of  this  paper  is  to  investigate  instabilities  of  the  field  isolation  with 
metal-2  gate  under  bias-temperature  stress  caused  by  a  SOG  planarization 
process . 


2  -  EXPKRTHKNTAI. 

The  samples  were  fabricated  in  a  lpm  CMOS  technology  with  minimum  fieldoxide 
width  of  1.8pm  and  thickness  of  600nm.  The  first  metal  is  isolated  from  gate 
level  by  a  sandwich  of  150nm  undoped  (TEOS)  and  650nm  boron/phosphorus  doped 
(BPSG)  oxide.  The  planarization  process  starts  with  a  PECVD  oxide  deposition. 
Undoped  SOG  is  then  Bpun-on  and  cured  to  remove  the  solvents.  The  following 
non  selective  etch  back  process  provides  a  smooth  and  semi -planar  surface.  The 
SOG  remains  only  in  contact  holeB,  at  the  edges  of  vertical  side  walls  and 
within  narrow  gaps  between  first  metal  lines.  The  SOG  inclusions  are 
encapsulated  by  a  further  PECVD-oxide  layer.  The  total  intermetal  dielectric 
thickness  is  1pm. 

Metal-2  lines  over  field  oxide  form  parasitic  field  oxide  transistors.  The 
metal-2  gate  can  additionally  be  crossed  by  metal-1  lines.  These  two  cases  are 
represented  by  the  test  structures  shown  in  Fig.  la.  The  gate  oxides  of  the 
metal-2  field  oxide  transistors  consist  of  field  oxide,  TEOS,  BPSG  and  PECVD 
oxide  with  a  total  thickness  of  about  2.4pm.  The  structures  with  metal-1  bars 
contain  SOG  inclusions,  whereaB  without  bars  the  sacrificial  SOG  layer  is 
totally  etched  back.  The  SOG  planarization  process  involves  the  risk  of 
remaining  impurities  like  mobile  ions  or  polarisable  structures.  P-channel 
transistors  with  metal-2  gate  were  used  to  investigate  field  isolation 
instabilities . 
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The  transistors  were  stressed  on  wafer  level  with  an  increased  gate  bias  (40- 
100V)  at  temperatures  from  70  to  140°C.  They  are  always  characterized  at  90  C 
as  a  typical  operating  temperature,  independent  of  the  stress  temperature. 


Metfl-Gate 


MetD-Gate 


Fig.  1  a  -  Schematical  cross  section  of  a  p-channel  metal  -  2  gate  field 
oxide-transistor  with  and  without  metal-1  fingers. 

Fig.  lb-  Subthreshold  characteristic  for  1.8|im  field  oxide  transistor  with 
metal-2-gate  (with  and  without  metal-1  bias  before  and  after  -100V 
gate  bias  stress  at  120°C).  The  turn-on  voltage  shift  V  is  de¬ 
fined  as  gate  bias  shift  at  lOpA/iun  width  leakage  current. 


rksttt.ts  »nn  ntfiriTSSTOM 


Fig.  lb  shows  typical  subthreshold  characteristics  for  metal -2  p-channel 
transistors  with  and  without  metal-1  bars  stressed  with  -100V  gate  bras  at 
120 °C.  The  characteristics  after  stress  are  shifted  to  lower  gate  voltages. 
This  shift  is  due  to  a  threshold  voltage  reduction,  while  tiie  substhreshold 
slope  is  nearly  unchanged.  Tie  turn-on  voltage  VTO  is  defined  as  the  gate 
voltage  at  10pA/nm  leakage  current. 
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The  turn-on  voltage  shift  aV  after  a  defined  stresstime  increases  with 
increasing  gate  bias  (Fig.  2).  Both  structures  show  an  enhanced  degradation 
for  negative  bias.  A  negative  gate  voltage  is  the  realistic  bias  condition  for 
p-channel  transistors . 

Within  the  examined  time  period  of  20h  and  stress  voltages  up  to  -100V  the 
time  dependence  of  the  VTO  shift  follows  a  square  root  law  (Fig.  3).  A 
deviation  from  this  law  is  only  observed  for  high  VTO  shifts  (>  20V).  At  a 
stress  temperature  of  100°C,  not  only  the  structure  with  SOG  inclusions  shows 
a  degradation  of  the  turn-on  voltage  but  also  the  structure  without  bars,  V 
without  bars  is  even  higher  at  this  temperature.  The  time  dependence  indicates 
that  the  voltage  shift  is  caused  by  a  diffusion  process  rather  than  by 
polarisation  which  should  show  a  logarithmic  time  dependence.  The  voltage 
dependent  time  constant  shows  that  the  diffusion  process  can  be  enhanced  by 
the  gate  field.  This  allows  accelerated  degradation  experiments  at  increased 
gate  bias . 


Pig.  3  -  Time  dependence  of  the  threshold  voltage  shift  of  a  field  oxide  tran¬ 
sistor  with  (a)  and  without  (b)  metal-l-f ingers . 


Plotting  the  logarithm  of  a  V  versus  the  reciprocal  temperature  a  linear 
dependence  results  for  both  structures.  This  exponential  reverse  temperature 
and  the  square  root  time  dependences  indicate  a  thermally  activated  diffusion 
process.  The  activation  energy  of  samples  witho.  t  fingers  stressed  at  -10GV  is 
approximately  0.6eV  and  higher  than  of  samples  with  fingers  (0.4eV).  Therefore 
the  degradation  of  samples  with  fingers  dominates  at  low  temperatures.  In  both 
cases  the  activation  energies  increase  at  reduced  gate  bias.  With  a  voltage 
dependent  activation  energy  the  a  V  can  be  described  by  the  following  rela¬ 
tionship. 


a  V  oc  f  exp  [-  - ]  (1) 

v  kT  ' 

With  the  gate  bias  during  stress  V««.  In  Fig.  4b  the  voltage  shift  is  plotted 
versus  gate  bias  for  140°C.  The  observed  exponential  dependence  has  a 
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comparable  slope  for  structures  with  and  without  bars.  The  activation  energy 
of  ( 1 )  can  be  expressed  by 

E-  =  °E_  +  -K.  (Vatf  T)  (2) 

as  sum  of  a  zero  bias  activation  energy  °E,  =  E«  (Vat  =  0)  and  a  field 

enhancement  part  (VBt,  T) . 


(a)  stress  temperature 

(b)  gate  bias 


From  literature  activation  energies  are  known  for  example  for  a  Na^-dif fusion 
in  SiOa  of  about  lev  and  for  hydrogen  ions  (protons)  in  SiOa  of  0,36eV  /2/. 
The  above  extraction  values  are  within  them,  they  are  lower  than  the  values 
for  Na^ -diffusion  in  SiOa.  The  activation  energy  with  bars  is  about  0.4eV  and 
would  fit  to  a  hydrogene-diffusion.  The  activation  energies  depend  on  the  ion 
concentration  and  on  the  type  of  oxide  (pure  or  doped  SiOa). 


4  -  CQHCLUSIQMS 


For  the  described  S06  planarisation  process  bias/temperature  stress  leads  to 
degradation  of  metal-2  field  oxide  transistor  isolation.  The  threshold  voltage 
shift  is  caused  by  a  thermally  activated  and  gate  field  enhanced  diffusion 
process.  The  instabilities  are  also  observed  in  structures  without  metal-1 
fingers  and  therefore  the  SOG  inclusions  themselves  can  not  only  be 
responsible  for  the  instabilities. 

This  work  has  been  supported  by  the  Federal  Department  of  Research  and 
Technology  of  the  Federal  Republic  of  Germany.  The  authors  alone  are 
responsible  for  the  contents. 
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STATISTICAL  ANALYSIS  OF  IMPLANT  ANGLES  EFFECTS  ON  ASYMMETRICAL  NMOSFETs 
CHARACTERISTICS  AND  RELIABILITY 


P,  DARS,  T.  TERNISIEN  d'OUVILLE,  H.  MINGAM  and  G.  MERCKEL 
CNET-CNS,  BP  98.  F-38243  Mey lan  Cedex.  France 

Rfisum*:  -  L'analyse  statistique  de  la  dissymitrie  des  caract6risliques  dleclriques  des  transistors  NMOS  LOO 
traduit  I'influenca  des  angles  d'implantation  sur  la  variation  du  non  recouvrement  grille-drain  (  ou  grille-source  ) 
observe  sur  les  dispositifs  realises  sur  une  mime  plaque  et  sur  les  difterentes  plaques  d'un  mdme  lot  de 
fabrication.  La  consequence  de  cette  dispersion  sur  le  vieillissement  des  structures  montre  I'importance  du  suivi 
de  ce  parametre  pour  la  fiabiiite  des  transistors  et  la  prudence  ndcessaire  pour  I'interpretation  des  resultats  de 
stress  eiectrique  effectud  sur  les  transistors. 

Abstract:  -  Statistical  analysis  of  asymmetry  in  LOD  NMOSFETs  electrical  characteristics  shows  the  influence  of 
implantation  angles  on  non-overlap  variation  observed  on  devices  realized  on  a  100  mm  wafer  and  within  the 
wafers  of  a  batch  .  The  study  of  the  consequence  of  this  dispersion  on  the  aging  behaviour  illustrates  the 
importance  of  this  parameter  for  reliability  and  the  necessity  to  take  it  in  account  for  accurate  analysis  of  stress 
results  . 


INTRODUCTION: 

The  development  of  short  channel  NMOSFETs  needed  the  design  of  new  structures  in  order  to  decrease  the  peak  value 
of  the  Electric  field  near  the  Drain  edge.  Several  ways  have  been  investigated  (eg.LDD  ,DDD  architecture)  which  have  given 
good  results  in  reducing  hot  carriers  degradation.  On  the  other  hand  ,  those  devices  are  known  to  be  sensitive  to  process 
parameters  like  implantation  angles  (  Tilt  and  electrostatic  scanning  ),  gate  etching  profiles  ...  ,  which  have  a  strong 
influence  on  the  asymmetry  of  NMOS  devices  ,  depending  on  the  position  of  the  device  with  respect  to  the  ion  beam  [1 ,2]  . 
The  asymmetry  of  transistors  (  due  to  the  shadowing  effect  of  the  gate  edge  on  lightly  doped  implants)  is  shown  to  play  an 
important  role  on  the  aging  behaviour  of  the  devices. 

EXPERIMENTAL 

In  order  to  analyse  the  consequences  of  tilt  and 
electrostatic  scanning  angles  on  devices  .  we  have  designed  a 
test  structure  including  two  perpendicular  typical  NMOSFETs 
(  50x1  pm2  )  .  LDD  devices  are  fabricated  through  a  1  pm  N- 
wall  CMOS  process  using  a  sidewall  spacer  technique.with  a 
gate  oxide  thickness  of  25  nm  .  The  lightly  doped  junction 
implant  is  done  through  an  arsenic  implant  dose  of  lO1^  cm'2 
,  with  7*  off-axis.  Initial  electrical  test  measurements  are 
made  on  an  automatic  test  line  in  order  to  analyse  the 
differences  in  bulk  and  drain  currents  at  a  given  voltage 
condition  (  Vd«7  V,  Vg-3.5  V  )  for  both  perpendicular 
structures  in  the  forward  and  reverse  mode  (  inverting  the 
role  of  drain  and  source  ).  This  work  is  carried  out  for  all  the 
wafers  (  4>  •100mm  )  in  a  batch  ,  in  several  positions  per 
wafer  (  20  or  60  depending  on  the  process  )  (  see  fig.1  ) 

Electrical  stresses  are  performed  on  those  devices,  in  order  to 
show  the  consequences  of  the  asymmetrical  behaviour  of  devices 
on  the  reliability,  along  a  diameter  of  a  100  mm  wafer. 

Transistors  are  stressed,  at  room  temperature,  for  10  hours.  The  stress  conditions  are  :  Vd«  7  Volts,  Vg»  3.5  Volts 


fig.1  Probing  pattern 

a.  direction  parallel  to  prim.flat  ,b.  direction 
perpendicular  to  primary  flat 


RESULTS 

1.  INFLUENCE  OF  ELECTROSTATIC  SCANNING 

We  analysed  the  differences  in  bulk  or  drain  current  for  the  two  perpendicular  devices  wHh  the  test  made  in  a  given 
order  (from  chip  1  to  20  ).  We  defined  the  difference  in  dram  currents  by 
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Oiffid  .  2  x  <tdt->df)  ktl.M  in  forward  mode  (  Vd-7V  ,  V9-3.5  V) 

(Idf+ldr)  Idr  -  Id  reverse  mode 

The  same  work  was  made  lor  bulk  currents  and  gave  similar  results. 

To  illustrate  the  influence  ol  the  two  electrostatic  scanning  angles  ,  we  plot  the  differences  in  two  directions  (  see  fig.  1  ) 

a. Along  the  direction  parallel  to  the  primary  flat  (  see  fig. 2a  )  .the  gradient  is  evident  for  devices  with  the  channel 
parallel  to  the  flat,  with  a  difference  between  the  upper  and  the  lower  device  of  about  6  %  . 

b.  Along  the  direction  perpendicular  to  the  primary  flat  (  see  fig.2b.  )  ,  the  gradient  is  significant  only  for  the 
devices  with  the  channel  perpendicular  to  the  flat .  The  dispersion  between  the  upper  and  the  lower  device  is  about  4  %. 

D'ffid  (%)  Difhd  (%) 


fig  2.  Gradient  of  drain  current  asymmetry  along  the  direction  parallel  (  2a.)  and  perpendicular  (  2b.)  to  the  primary  flat 
(  a  for  channel  parallel  to  primary  flat  .  ♦  for  channel  perpendicular  to  primary  flat  ) 


The  two  different  behaviours  are  explained  by  the  influences  of  the  electrostatic  scanning  angles  of  the  implantor  on 
a  whole  wafer  .The  differences  in  the  two  directions  are  due  to  the  different  scanning  angles  along  the  two  directions  in  our 
implantor  .  It  means  that  ,  even  with  a  0  off-axis  implant  angle,  we  find  some  devices  with  a  non-overlap  drain  structure  . 


2-INFLUENCE  OF  THE  TILT  ANGLE 

For  avoiding  the  channeling  effect  during  the  implant  ,  the  wafers  are  implanted  with  a  tilt  angle  of  7  degrees  .  That 
tilt  angle  gives  different  results  on  wafers  depending  on  the  position  of  the  wafer  during  the  operation  (  see  fig  3  ).  If  we 
plot  the  differences  in  currents  for  the  two  perpendicular  directions  (  see  fig  4a.  )  ,  the  points  are  distributed  along  a  circle 
.  That  circle  is  due  to  the  fact  the  tilt  angle  has  a  complementary  effect  on  the  perpendicular  transistors  .  The  values 
measured  on  a  whole  wafer  (illustrated  by  the  same  number)  are  centered  around  a  median  position  depending  on  the  random 
position  of  the  wafer  during  the  low  dose  implant  .  If  the  analysis  is  done  in  only  one  direction  ,it  is  possible  to  locate 
symmetrical  devices  that  give  the  best  results  in  stress  measurements.  However  .this  case  means  the  worst  case  for 
perpendicular  devices  . 

The  diameter  of  the  circle  shows  the  process  sensitivity  to  the  tilt  angle. (  see  fig  4a.  and  fig  4b.) 
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fig3.  Drain  current  asymmetry  on  different  wafers  of  the  same  batch  (  60  points  per  wafer ) 
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fig4.  Influence  of  the  technology  on  bulk  current  asymmetry  a.  Poly  spacer  technology  b.  Oxide  spacer  process 


3-CONSEOUENCES  ON  DEVICES  RELIABILITY 

Asymmetrical  devices  are  known  to  be  very 
sensitive  to  electrical  stresses  performed  in  the  non¬ 
overlap  region  [3]  .  In  order  to  show  the  consequence  of 
the  dispersion  of  electrical  characteristics  over  a 
wafer,  we  analysed  one  with  a  central  value  of  Diffid  =0. 
In  that  case,  transistors  structures  change  from  a  drain 
overlap  to  a  non-overlap  situation  along  a  diameter  .  The 
results  of  the  stress  show  only  a  slight  degradation  of 
the  transconductance  (  dGm/GmQ<  5  %  for  10  hours  of 
stress  )  until  we  reach  the  non-overlap  condition,  which 
gives  the  worst  results  (  see  fig  6  ).  A  factor  of  4  in  Gm 
degradation  is  observed  between  the  two  extreme 
cases,  after  10  hours  of  stress  . 
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fig.6  Influence  of  asymmetry  on  Gm  degradation 
(  after  10  hours  of  stress  ) 


CONCLUSION 

Such  an  analysis  .with  only  a  few  complementary  measurements  ,  gives  an  accurate  idea  of  the  process  sensitivity 
to  implant  angles  and  provides  a  predictive  tool  for  aging  behaviour  ofadvanced  CMOS  structures  . 
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PHOTODIODE  FOR  COHERENT  DETECTION  :  MODELING  AND  EXPERIMENTAL  RESULTS 
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Centre  National  d'Etudes  des  Telecommunications,  F-22300  Lannion, 
France 


R6sum6  -  En  detection  coh6rente,  la  puissance  optique  de  l'oscillateur  local  peut 
conduire  le  photodetecteur  en  regime  de  forte  injection.  Des  degradations  de 
performances  du  dispositif  peuvent  alors  6tre  constatees  &  partir  de  simulations 
numeriques  et  de  mesures. 


Abstract  -  In  coherent  detection,  the  optical  power  of  the  local  oscillator  can  lead 
the  photodetector  in  the  high  injection  regime.  Degradation  of  the  device  performance 
can  then  be  observed  from  numerical  simulations  and  experiments. 


1  -  INTRODUCTION 

Coherent  detection  can  subtantially  improves  optical  communication  system  performances  [1] 
Wavelength  stabilized  semiconductor  lasers  provide  for  the  necessary  local  oscillator. 
Optical  power  of  the  local  oscillator  greater  than  the  radiant  power  corresponding  to  the 
optical  signal,  yields  better  signal  to  noise  ratio. 

Photodetectors  design  is  a  compromise  between  different  parameters  such  as  sensitivity, 
response  time,  capacitance,  gain,  noise.  The  intrinsic  material  width  of  a  PIN  photodiode 
must  be  such  that  sufficient  light  is  absorbed  (sensitivity) ,  that  the  free  carriers  thus 
generated  are  quickly  collected  (response  time),  driven  at  their  top  velocity  by  an 
uniform  electric  field,  and  so  that  the  junction  capacitance  is  low  to  limit  RC  time 
constant. 

At  high  level  of  optical  illumination,  free  carrier  densities  can  be  such  that  the 
electric  field  in  PIN  photodiodes  is  no  longer  uniform  and  exibit  low  and  high  values 
areas.  This  behaviour  is  expected  to  affect  the  response  time  of  the  device. 

The  goal  of  this  study  is  to  determine  the  influence  of  the  optical  power  on  the 
photodiode  performances,  in  coherent  detection,  when  a  high  radiant  optical  power  shines 
on  the  photodetector,  mixed  along  with  the  transmitted  low  level  signal  from  the  fiber 
output.  The  operation  of  Si,  Ge,  GalnAs/InP  photodiodes  under  low  and  high  optical  power 
are  described  in  terms  of  sensitivity,  linearity,  response  time  and  diode  capacitance  as 
predicted  by  numerical  simulation  and  confirmed  by  measurements. 

2  -  MODELING  AND  NUMERICAL  METHODS 

Unidimensional  numerical  simulation  of  PIN  photodiodes  are  performed,  using  finite 
difference  methods,  solving  the  following  set  of  equation  that  describes  the  behaviour  of 
semiconductor  devices.  This  set  includes  Poisson  equation,  electron  and  hole  continuity 
equations  and  current  formulation.  Thermal  generation  recombination  term  as  well  as 
optical  generation  are  taken  into  account  [1], 


C4-322 


30URNAL  DE  PHYSIQUE 


ai2349S7tSISII 


crons 


Fig.l  -  Electric  field  distribution  in  Ge  PIN  photodiode,  with  high  and  low  field  value. 
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With  n,  p;  t  n,  rp;  nn ,  pp ;  EpB,  Epp  are  respectively  electron  and  hole  carrier  densities, 
carrier  lifetimes,  Mobilities  and  Fermi  levels.  The  electrostatic  potential  is  <p.  The 
dielectric  constant  is  €  and  the  fixed  charge  density  is  C  .  Thermal  generation 
recombination  is  described  by  the  Schockley-Hall-Read  formulation  USHR  and  the  external 
optical  generation  Gppt (x)  takes  into  account  the  a  absorption  value  at  position  x,  as  a 
function  of  wavelength  X. 

The  set  of  equation  is  linearized  and  solved  within  an  uncoupled  scheme  of  resolution, 
using  a  variable  implicit  method  to  solve  the  transient  case. 

Fig.l  -  Electric  field  distribution  in  Ge  PIN  photodiode,  with  high  and  low  field  value. 


3  -  NUMERICAL  SIMULATION  RESULTS 


At  high  optical  power,  the  electric  field  in  the  intrinsic  layer  of  the  PIN  photodiodes  is 
no  longuer  uniform  (Fig  1).  As  the  optical  power  increases,  larger  potential  drops  arise 
at  the  P*v  and  vN*  junctions  and  increasingly  wider  areas  of  low  electric  field  spread  in 
the  intrinsic  material.  The  peak  value  of  the  electric  field  does  not  modify  carrier 
velocities  and  is  unsufficient  to  enhances  avalanche.  With  electric  field  as  low  as  a  few 
kV/cm,  carrier  velocities  can  drastically  decrease  and  lead  to  large  transit  time  of  the 
carriers  across  the  intrinsic  layer.  With  slow  drift,  in  poor  quality  material,  the 
carriers  can  suffers  from  recombination  before  being  collected  and  thus  sensitivity 
lowers.  The  obtained  electric  field  distribution  is  equivalent  to  that  of  two  Junctions. 
The  sums  of  the  corresponding  space  charge  regions  is  then  smaller  than  the  intrinsic 
layer  width  and  it  can  be  expected  that  the  overall  capacity  increases. 

Accurate  computation  of  the  capacity  of  the  device  is  performed  taking  into  account  the 
local  variation  of  the  electric  charge  and  of  the  displacement  vector  between  two  close 
bias  [2],  Evolution  with  optical  power  is  given  in  Fig  2. 
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Simulated  Capacities  of  S  l /Ge  PIN  Photodiodes 
IE-10  F/cm2  IE-9  Fscm2 


log(  flux  of  photons  > 

o  Si  PIN  photodiode  X  =  .85  pm  o  Ge  PIN  photodiode  X  *  1.5  pm 
Fig. 2  -  Increase  of  PIN  photodiodes  capacities,  with  increase  of  the  local  oscillator 
radiant  power,  as  obtained  by  numerical  simulation. 

Numerical  simulations  show  that  for  optical  power  larger  than  1021  photons/s/  cm2  the 
behaviour  of  the  photodiodes  can  be  far  different  than  the  low  optical  regime  such 
photodiodes  had  been  designed  for.  An  optical  power  of  5  >°W  shining  over  100  pm2  (surface 
of  the  core  of  a  monomode  fiber)  is  equivalent  to  some  5‘1022  photons/s/cm2. 

4  -  MEASUREMENTS  AND  IMPROVED  EQUIVALENT  CIRCUIT 

The  complex  impedance  of  the  photodiodes  has  been  measured  on  a  50  fi  load,  using  a  network 
analyser,  through  Su  parameter,  after  proper  calibration,  in  the  .1-2  GHz  band  width. 


Experimental  data  (♦)  and  impedance  fit  (continuous  line). 

Fig. 3  -  Improved  equivalent  circuit  for  Ge  photodiode  and  value  extraction  method  provide 
good  impedance  fit  in  the  .1-2  GHz  range. 

The  different  elements  of  the  equivalent  circuit  of  the  photodiode  (junction  and  package 
capacitances.  Junction  and  serial  resistances,  wire  inductances)  are  obtained  through  an 
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improved  parameter  extraction  method.  This  method  allows  to  determine  the  best  fit  values 
of  the  different  elements  of  the  equivalent  circuit  described  by  the  operator  without  any 
prior  knowledge  of  the  values  or  ranges.  The  equivalent  circuit  of  the  photodiodes  had  to 
be  completed  by  elements  such  as  wire  inductance  or  chip  to  package  capacitance  to  obtain 
correct  fit  as  shown  in  figure  3- 

The  variation  of  the  junction  capacitance  and  serial  resistance  of  the  photodiode  have 
thus  been  extracted  for  optical  power  at  1.3  Pm  ranging  from  obscurity  to  4.4  mW  for  the 
GalnAs/InP  diode  (3-5  mA  photocurrent,  7-5  1020photons/s/cm2 )  and  9  mW  for  the  Ge  diode  (7 
sA,  1.5  1021ph/s/cm2 ) . 


GalnAs/InP  PIN  diode  o  Ge  PIN  diode 

Fig. 4  -  Relative  junction  capacitance  increase  versus  diode  photocurrent,  as  1 . 3wb  local 
oscillator  radiant  power  increases.  The  junction  capacities  are  obtained  from  microwave 
measurements  and  improved  equivalent  circuits  of  photodiodes. 

As  it  can  be  seen  in  figure  4,  the  junction  capacity  of  the  Ge  and  GalnAs/InP  photodiodes 
continuously  increase  with  increasing  optical  power.  The  time  constant  (junction 
capacitance  -  serial  resistance  product)  continuously  increases  but  for  such  optical  power 
is  still  below  transit  time. 

5  -  CONCLUSION 

Numerical  simulations  of  photodiodes  predict  that  above  an  optical  power  corresponding  to 
flux  greater  than  102 'photons/s/cm2 ,  the  response  time  and  the  junction  capacitance  will 
continuously  rise.  Experimental  measures  confirm  this  increase  of  the  capacitance  and  R, -C 
time  constant.  For  standard  diode  active  diameter  (70  pm),  the  optical  power  delivered  by 
a  conventionnal  semiconductor  laser  (a  few  mW)  is  beneath  the  limit  for  which  photodiode 
performances  would  shrink. 
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CHARACTERIZATION  OF  AN  AlGaAs/GaAs  METAL-SEMICONDUCTOR-METAL  PHOTODETECTOR 
M.  ZIRNGIBL,  R.  SACHOT  and  M.  ILEGEMS 

Institut  de  Micro-  and  Optodlectronique ,  Swiss  Federal  Institute  of 
Technology,  CH-1015  Lausanne,  Switzerland 


Resume:  Nous  reportons  la  caracterisation  d’un  photodetecteur  metal-semiconducteur-metal  en  fonction 
de  sa  geometrie,  de  la  tension  appliquee  et  de  la  puissance  optique  incidente.  De  l’oxyde  d’etain  et 
d'indium  (1TO)  est  depose  sur  des  substrats  GaAs  et  des  couches  MBE  afin  de  definir  les  contacts 
Schottky  interdigites  qui  forment  la  surface  active.  Les  detecteurs  montrent  une  efficacite  quantique 
externe  61ev6e  et  une  reponse  rapide  (temps  de  montie  <  70  ps,  largeur  a  mi-hauteur  <  185  ps). 


Abstract:  The  characteristics  of  metal-semiconductor-metal  photodetectors  as  a  function  of  layout 
geometry,  applied  voltage  and  optical  input  power  are  reported.  The  structures  are  fabricated  using 
interdigitated  indium  tin  oxide  Schottky  contacts  deposited  by  sputtering  on  GaAs  substrates  and 
MBE-layers  to  form  the  active  area.  The  detectors  show  high  external  quantum  efficency  and  fast  response 
(risetime  <  70  ps,  FWHM  <  185  ps). 


In  an  optical  telecommunication  or  read-out  system,  sensitive  and  broadband  photodetectors  are 
necessary  as  interface  elements  between  an  optical  waveguide  and  a  electronic  circuit.  There  is  an 
increasing  interest  in  metal-semiconductor-metal  photodetectors  (MSM)  because  of  their  high  speed,  their 
planar  structure  which  is  compatible  with  integration  with  electronic  devices  and  their  large  active  area 
which  facilitates  the  coupling  of  the  light  into  the  detector.  The  capacitance  of  their  structure  is 
detemined  by  the  lateral  distance  between  the  contact  fingers  at  a  given  active  area  of  the  detector  so  that 
the  RC  product  is  small  even  for  detectors  with  large  areas  (typical  200  fF  for  200x200  pm^  active  area 
at  punch  through  voltage).  Finally,  the  fabrication  of  the  MSM’s  is  very  simple  compared  to  that  of 
vertical  detectors  like  p-i-n  diodes.  In  spite  of  these  promizing  features,  the  explanation  of  the  internal 
gain  mechanism  is  still  a  subject  of  research1 

We  have  fabricated  MSM’s  with  an  indium  tin  oxide  (ITO)  metallization  on  undoped  and  Cr  doped 
GaAs  substrates  (referred  to  as  GaAs-MSM  and  GaAs(Cr)-MSM)  and  on  undoped  AlGaAs/GaAs  MBE- 
layers  (referred  to  as  MBE-MSM)  using  a  simple  one-level  lift-off  technology.  ITO,  which  acts  as  an 
anticoating  layer  at  820  nm,  is  sputter-deposued  on  the  semiconductor  surface  to  form  the  interdigitated 
Schottky  contacts  (Fig.l)  so  that  the  whole  detector  area  can  be  illuminated.  The  size  of  the  active  area  is 
50x50  pm^  and  200x200  pm^.  The  geometry  is  adapted  to  be  mounted  into  a  50  Ohm  coplanar  micrcstri- 
pline.  The  distance  between  the  fingers,  L,  and  the  finger  width,  d,  varies  from  1  to  16  pm.  The 
MBE-layer  consists  of  an  undoped  I  pm  thick  GaAs  active  layer  and  an  underlying  0.5  pm  thick 
AIq  jGao  7 As  buffer  layer  to  limit  the  light  collection  zone. 
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Measurements  of  sensitivity  are  made  by  focusing  the  beam  of  a  laser  diode  which  emits  at  820  nm 
on  the  detector  so  as  to  achieve  an  uniform  illumination  over  the  entire  active  area.  The  optical  input 
power  is  measured  with  a  calibrated  Si  photodiode.  In  Fig.  2  we  plot  the  photo-  and  dark  current  against 
bias  voltage  for  a  MBE-MSM  with  finger  width  and  finger  spacing  of  3  pm.  The  dark  current  is  probably 
governed  by  structural  defects  rather  than  by  the  Schottky  barrier  heigth  as  evidenced  by  the  asymmetry 
of  the  I-V  characteristics.  Contrary  to  photoconductors,  the  photocurrent  is  not  proportional  to  the  bias 
voltage  but  determined  by  the  reverse  Schottky  diode  caracteristics.  The  sensitivity  is  0.46  A/W  (Fig.  3) 

independent  of  the  optical  input  power.  Fig.  4  shows  the  detector  response  to  a  short  laser  pulse  of  60 

ps  risetime  and  100  ps  full  width  at  half  maximum  (FWHM).  The  detector  risetirae  of  72  ps  is  limited  by 
the  optical  pulse  while  the  FWHM  of  184  ps  is  probably  limited  by  the  hole  transit  time  (120  ps  at 
5x10^  cm/s  saturation  velocity  taking  into  account  the  carriers  generated  under  the  fingers) 

The  detectors  fabricated  directly  on  the  substrates  show  the  same  risetime  but  a  higher  FWHM  (about 

250  ps).  Their  photocurrent  as  a  function  of  the  finger  spacing  L  for  different  values  of  the  average 
electric  field  is  represented  in  Fig.  5.  The  data  are  taken  on  diodes  of  200x200  pm^  active  area  with  4 
um  and  8  pm  nominal  finger  width.  For  the  detectors  on  undoped  GaAs  substrates,  the  dependence  on 
geometry  and  electrical  field  is  weak,  contrary  to  those  on  GaAs(Cr)  which  show  an  increase  of  the 
photocurrent  with  L.  The  sensitivity  of  the  GaAs(Cr)-MSM  seems  to  depend  only  on  L  and  not  on  the 
finger  width.  Unity  external  quantum  efficiency  is  situated  at  290  pA.  Thus,  the  GaAs(Cr)-MSM’s  have 
external  efficiencies  up  to  500%  for  large  L.  To  our  knowledge,  these  are  the  highest  values  reported  so 
far  for  this  kind  of  detector.  Taking  into  account  reflexion  losses  the  GaAs-MSM’s  show  also  a  small 

internal  gain.  The  measured  dark  currents  at  2  V/pm  average  field  are  10  nA  and  ICO  nA  for  the  MSM’s 

on  GaAs(Cr)  and  on  the  undoped  GaAs,  respectively  and  do  not  show  any  clear  dependence  on  the  device 
geometry.  The  GaAs(Cr)-MSM  with  a  small  finger  spacing  show  a  linear  dependence  of  the  photocurrent 
with  the  input  power  (Fig.  6)  while  the  sensitivity  of  those  with  a  large  L  varies  at  first  sublinearly  with 
input  power  and  then  increases  sharply  above  100  pW  for  the  structures  operated  at  29  V  bias  applied 
(Fig.  7).  At  lower  optical  input  power,  the  photocurrent  is  independent  of  the  finger  spacing  L.  Focusing 
the  laser  spot  alternatively  on  the  two  electrodes,  we  have  observed  that  the  photocurrent  is  maximum  on 

the  negative  electrode  and  minimum  on  the  positive  electrode.  The  ratio  of  these  currents  is  10  for  the 

GaAs(Cr)-MSM  and  2  for  the  GaAs-MSM. 

The  interpretation  of  the  measurements  of  the  GaAs-  and  GaAs(Cr)-MSM’s  is  not  clear.  The  observed 
gain  is  not  believed  to  be  due  to  a  photoconductive  effect  because  the  contacts  are  not  ohmic.  Avalanche 
multiplication  may  be  involved  in  areas  of  locally  enhanced  electric  field,  although  the  average  lateral  field 
is  as  low  as  2  V/)im.  There  may  be  an  optical  induced  lowering  of  the  Schottky  barrier  heigth,  but  no 
clear  dependence  of  the  photocurrent  on  the  contact  area  is  observed.  Measurements  of  the  barriers  under 
illumination  and  comparisons  between  MSM's  with  different  metallizations  are  being  carried  out  to  further 
elucidate  the  observed  behavior. 

In  conclusion,  we  have  fabricated  and  characterized  a  very  simple  MSM-photodetector  with 
interdigitated  ITO  Schottky  contact.  This  type  of  detector  could  find  widespread  applications  in  optical 
telecommunication-  and  data  systems  because  of  its  simplicity  and  low  cost,  its  high  speed  (risetime  <  70 
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ps,  FWHM  <  185  ps)  and  sensitivity  (up  to  S00%  external  quantum  efficiency),  and  its  planar  structure. 
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Fig.l:  Top  view  and  cross  section  of  a  MSM  on  a  Fig.  2:  I-V  characteristics  in  the  dark  and  under 

MBE  layer  The  dimensions  are  W  -  50  pm  and  200  illumination  of  a  MBE-MSM  with  an  active  area  of 

um,  L  -  1,2,3,4,8,12  and  16  pm  and  d  -  1,2, 3,4  50x50  urn2  and  3  pm  finger  width  and  spacing. 

and  8  pm  (nominal  values  on  the  mask,  exact  values 

are  measured  by  SEM).  The  total  area  of  the 

Schottky  contacts  measures  between  9000  and  30000 

pm2  for  the  200x200  um2  MSM’s  and  1250  pm2  for 

the  50x50  pm2  MSM’s.  The  MSM  is  designed  to  be 

integrated  into  a  50  Ohm  microstripline. 
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Fig.  3:  Photocurrent  versus  incident  optical  power 
for  the  same  MSM  as  shown  in  Fig.  2. 


the  detector.  The  MSM  is  mounted  on  a  coplanar 
microstripline  to  assure  SO  Ohm  matching  and  the 
output  signal  is  measured  with  a  S4  Tektronix 
sampling  head. 


Fig.  5:  Photocurrent  as  a  function  of  finger  spacing 
L  for  different  values  of  the  average  electric  field 
(Vbias/L)  between  the  fingers.  The  Schottky  contact 
area,  which  is  different  for  the  7  structures,  does 
not  influence  the  sensitivity 


Fig.  6:  Photocurrent  versus  incident  optical  power 
for  a  GaAs(Cr)-MSM  with  1.7  jim  finger  spacing 
measured  at  2.5  V  bias. 
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Fig.  7:  Photocurrent  versus  incident  power  of  a 
GaAs(Cr)-MSM  with  14.8  pm  fingerspacing  measu¬ 
red  at  14.8  and  29.6  V  bias. 
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HIGH  SPEED  InAlAs/InGaAs  DOUBLE  HETEROSTRUCTURE  p-i-n' s 


J.-C.  BISCHOFF* 1 *  ,  T.H.  HOLLENBECK*  < 2 >  ,  R.N.  NOTTENBURG*  •  ( 3  1  , 

M.C.  TAMARGO* ,  J.L.  DE  MIGUEL*,  C.F.  MOORE*  and  H.  SCHUMACHER* 

Institute  for  Micro  and  Optoelectronics,  Swiss  Federal  Institute  of 
Technology,  CH-1015  Lausanne,  Switzerland 

* Bell  Communications  Research  Inc.,  331,  Newman  Spring  Rd. ,  Red  Bank, 
NJ  07701,  V.S.R. 


Resume  -  Des  photodiodes  p-i-n  InAlAs/InGaAs  a  double  heterostructure  ont  ete 
produites  par  MBE  et  montees  sur  des  guides  d'onde  coplanaires.  Deux  methodes: 
(i)  l'incorporation  de  couches  InAlAs  non  dopees  entre  la  zone  d'absorption  InGaAs  et 
les  couches  InAlAs  dopees  et  (ii)  l'utilisation  d'heterojonctions  graduelles  ont  ete 
utilisees  pour  reduire  l'accumulation  de  porteurs  aux  Interfaces.  Blen  que  les  deux 
methodes  am^liorent  les  performances  des  diodes  p-i-n  a  double  heterojonction,  les 
meilleurs  r6sultats  ont  ete  obtenus  avec  les  heterojonctions  graduelles:  une  efficacite 
quantique  de  =38  %  a  1.3  pm,  un  temps  de  montee  de  21  ps  et  une  iargeur  a 
mi-hauteur  de  40  ps  ont  ete  obtenus  pour  une  diode  ayant  une  surface  de  24x24  pm* 
et  une  couche  d'absoption  d'une  epaisseur  de  0.5  pm. 

Abstract  -  MBE  grown  double  heterostructure  InAlAs/InGaAs  p-i-n  photodiodes  have 
been  flip-chip  mounted  on  coplanar  waveguides.  Two  methods:  (i)  incorporation  of 
doping  setback  InAlAs  layers  between  the  InGaAs  absorption  region  and  the  doped 
InAlAs  layers  and  (ii)  compositional  grading  have  been  used  to  reduce  carrier  pile-up 
at  the  heterointerfaces.  Although  both  methods  improve  the  diode  performances,  the 
best  results  were  obtained  with  compositional  grading:  a  quantum  efficiency  of 
-38  %  at  1.3  pm.  a  rise  time  of  =21  ps  and  a  FWHM  of  =40  ps  have  been  obtained 
for  a  device  with  a  24x24  pm1  area  and  a  0.5  pm  thick  absorption  region. 


One  of  the  most  promising  approaches  Tor  detection  in  the  1.0  -  1.7  pm  wavelength 
range  is  the  use  of  a  p-i-n  photodiode  coupled  to  a  field  effect  transistor  amplifier. 

Ina.33Gao.47As  based  p-i-n  photodiodes  have  already  shown  low  dark  current,  good  quantum 

efficiency  and  high  speed  operation  /1//2//3/.  Most  devices  investigated  to  date  are  of  the 
homojunction  type  with  a  p-type  layer  formed  by  diffusion  of  Zn  in  the 'InGaAs  layer.  In 
contrast,  the  devices  Investigated  here  are  MBE  grown  lno.32Alo.4aAs/Ino.33Gao.47As/lno.33Alo.4aAs 
double  heterostructure  p-i-n's. 

Immediate  advantages  of  a  double  heterostructure  are  an  excellent  control  of  the 
absorption  region  thickness  and  the  elimination.  In  the  photoresponse,  of  the  diffusion  tail 

due  to  absorption  in  low  field  regions.  The  pulse  response  of  these  devices  is  however, 

typically  characterized  by  long  tails  due  to  carrier  pile-up  (trapping)  at  the  heterojunction 
interfaces  /4/.  We  present  results  of  an  investigation  of  two  possible  methods  to  reduce  the 
deleterious  effects  of  carrier  trapping:  (i)  Incorporation  of  doping  setback  layers  at  the 
heterointerfaces  and  (11)  compositional  grading  of  the  heterointerfaces. 


<l,Hork  4ooo  while  ot  Boil  Co— unlcotlono  Research  Inc..  Rod  Bank.  NJ  07701.  U.S.A..  os  a  resident  visitor 
* 2 ^ present  address  :  Princeton  University.  Princeton.  NJ  03544.  U.8.A. 
l3)Pr event  address  :  AT&T  Boll  Laboratories.  Hurray  Rill.  NJ  07974.  U.8.A. 


C4-330 


JOURNAL  DE  PHYSIQUE 


The  samples  were  grown  by  Molecular  Beam  Epitaxy  (MBE)  on  ir,p  (Fe-doped) 
semt-insulatlng  substrates.  Three  types  of  structures  were  realized.  The  first  one  is  a 
double  heterojunction  p-i-n  structure  with  abrupt  interfaces  which  consists  of  an  undoped 
lno.33Gao.47As  absorption  layer  sandwiched  by  two  Ino.32Alo.40As  layers,  one  doped  with  Si 
(n-type)  and  the  other  with  Be  (p-type).  The  two  others  are  slightly  modified  structures. 
One  contains  300  A  setback  layers  of  undoped  lno.32Alo.4eAs  separating  the  doped  layers  from 
the  intrinsic  Ino.33Gao.47As  and  the  other  one,  compositionally  graded  (in,  Ga,  Al)  As  layers 
gradually  going  from  the  Ino.32Alo.44As  composition  to  the  Ino.33Gao.47As.  These  graded  layers 
are  300  A  thick  and  undoped. 

Mesa  diodes,  designed  for  back  illumination  through  the  semi-insulating  InP  substrate, 
were  fabricated  from  the  as-grown  wafers  and  mounted,  upside  down,  on  coplanar 
waveguides.  With  this  technique,  the  losses  due  to  the  coupling  of  the  p-l-n  diode  to  the 
coaxial  connector  (Weltron  K  connector)  can  be  maintained  below  3  dB  at  26  GHz. 

Dark  currents  of  respectively  328  pA  and  537  pA  at  5  V  were  measured  for  devices 
with  compositional  grading  and  areas  of  respectively  14x14  pm2  and  24x24  pm2.  For  these 
devices,  whose  absorption  layer  thickness  is  0.5  pm,  the  capacitances  at  0  V  bias  are 
respectively  50  fF  and  145  fF. 

We  present  in  fig.  1  the  reverse  I-V  characteristics  of  double  heterostructure  p-i-n 
diodes  with  abrupt  heterointerfaces,  in  the  dark  (lower  curve)  and  front  illuminated  with 
white  light  through  the  prober  microscope  (upper  curve).  The  photoresponse  shows  a  turn-on 
voltage  at  =  0.4  V.  Dispersion  in  the  characteristics  of  diodes  issued  from  different 
processing  runs  Indicates  that  this  turn-on  voltage  is  sensitive  to  the  processing  and  is 
related  to  the  quality  of  the  Schottky  type  Ti-Au  contacts.  Above  the  turn-on  voltage,  the 
sensitivity  of  the  photodiodes  is  fairly  independent  of  the  applied  bias  voltage. 

In  fig.  2,  we  have  reported  the  peak  amplitude  of  the  response  of  double 
heterostructure  p-i-n  diodes  to  optical  pulses  generated  by  active  mode  locking  of  a  laser 
diode  as  a  function  of  the  reverse  bias  voltage  (characteristics  of  pulses  generated  by 
laser  #1:  rise  time  a  44  ps,  FWHM  =  45ps,  repetition  rate  =  350  MHz  and  peak 
power  =  14.6  mW.).  It  appears  that  these  devices  have,  under  pulsed  excitation,  a  behavior 
which  differs  significantly  from  that  under  continuous  illumination.  Indeed  the 
characteristics  reported  in  fig.  2  show  that  our  devices  do  not  respond  to  fast  optical  pulses 
when  their  reverse  bias  voltage  is  below  a  threshold  value  which  depends  on  the  type  of 
heterointerface:  al  V  for  devices  with  compositionally  graded  interfaces,  =2.8  V  for  devices 
with  doping  setback  layers  and  =5  V  for  devices  with  abrupt  Interfaces.  Above  threshold, 
the  peak  current  of  the  three  types  of  devices  Increases  linearly  with  bias  in  the  voltage 
range  shown  in  fig.  2.  The  best  sensitivity,  obtained  at  6  V  bias  for  a  double 

heterostructure  p-i-n  with  a  0.5  pm  thick  absorption  layer,  is  0.4  A/W  (peak  amplitude  = 
291  mV).  At  1.3  pm,  this  corresponds  to  an  external  quantum  efficiency  of  38S. 

At  higher  bias  voltages,  the  pulse  response  peak  amplitude  levels  off  (fig.  3, 
characteristics  of  pulses  generated  by  laser  #2:  rise  time  =  5.3  ps.  FWHM  =  7.4  ps. 

repetition  rate  =  440  MHz  and  peak  power  =  6  mW.).  Only  the  devices  with  compositional 

grading  were  measured  in  the  higher  voltage  range.  Indeed  for  devices  with  abrupt 
Interfaces  or  doping  setback,  the  breakdown  voltage,  =  8  V,  was  reached  before  any 

leveling  of  the  response  could  be  observed. 

Devices  with  abrupt  interfaces  show  a  80  ps  rise  time  and  a  1.4  ns  fall  time  at  5.5  V 
bias.  This  long  fall  time  Is  strongly  temperature  dependent  and  can  be  reduced  to  180  ps  by 
elevating  the  detector  temperature  by  directing  a  hot  air  flow  to  the  diodd!  Devices  which 
employ  doping  setback  and  compositional  grading  show  threshold  response  at  bias  levels  of 
3  V  and  1.5  V  respectively.  Operating  the  devices,  with  doping  setback,  at  5.5  V  bias,  we 
observe  over  an  order  of  magnitude  improvement  in  fall  time:  120  ps  versus  1.34  ns  for  the 
diode  with  abrupt  Interfaces.  The  same  observation  can  be  made  at  3.3  V  bias  by  comparing 
the  devices  having  compositional  grading  with  the  ones  having  doping  setback:  110  ps 
versus  1.02  ns. 
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Although  the  speed  of  all  the  devices  is  increasing  with  bias  voltage  the  best  results 
ar.‘  achieved  with  composition.-/.  grading,  we  obtain  a  55  pc  rise  time,  a  70  ps  FWHM  and  a 
102  ps  fall  time  at  6  V.  This  response  is  limited  primarily  by  our  laser  diode  (laser  #1). 
Indeed  measurement  of  devices  with  compositional  grading  on  an  identical  set-up,  except  for 
the  laser  diode  (laser  #2),  have  resulted  In  a  33  ps  rise  time,  a  54  ps  FWHM  and  a  82  ps 
fall  time  at  8  V  bias  for  an  active  area  of  24x24  pm*  (fig.  4).  Devices  of  smaller  size  have 
not  shown  any  speed  improvement  over  the  largest  ones.  This  Is -due  to  their  smaller  top 
contact  to  mesa  area  ratio  resulting  in  an  increased  series  resistance. 

To  evaluate  the  intrinsic  rise  time  and  FWHM  of  our  devices,  we  have  made  the 
following  assumptions:  (i)  the  pulses  have  a  gaussian  waveform,  (11)  the  S4  sampling  head 
rise  time  is  25  ps  and  the  corresponding  FWHM  is  35  ps  and  (iii)  the  light  pulse  rise  time 
and  FWHM  are  5.3  ps  and  7.4  ps  /5/.  Under  these  assumptions,  we  obtain  for  the  device 
whose  pulse  response  appears  In  fig.  4  an  Intrinsic  rise  time  of  21  ps  and  a  FWHM  of  40  ps. 

During  this  work,  we  made  the  following  observations.  The  dependence  of  the  diode 
responsivity  on  bias  voltage  is  apparent  only  under  pulsed  excitation.  The  responsivity  of 
the  diode  is  larger  when  the  areal  density  of  carriers  trapped  at  the  heterointerface  under 
dark  conditions  is  low,  for  example,  when  the  band  discontinuity  is  small  (compositional 
grading  of  the  heterointerface)  or  when  the  band  potential  minimum  is  above  (for  electrons) 
the  quasi-Fermi  level  (structure  with  doping  setback  layers  under  reverse  bias).  These 
observations  lead  us  to  the  assumption  that  the  time  spent  by  a  carrier  at  the 
heterointerface,  and  thus  the  probability  to  be  lost  by  recombination,  decreases  when  the 
photogenerated  carrier  density  in  the  well  is  large  in  comparison  with  the  carrier  density  in 
the  well  under  dark  conditions.  However,  further  work  will  be  necessary  to  determine  exactly 
the  mechanisms  involved  in  the  transport  of  carriers  through  band  discontinuities  in  double 
heterostructure  p-i-n  diodes. 

In  conclusion,  we  have  presented  two  methods  to  reduce  carrier  trapping  at  the 
heterointerfaces  in  InAlAs/lnGaAs  double  heterostructure  p-i-n  photodiodes:  incorporation  of 
doping  setback  InAlAs  layers  and  of  compositionally  graded  InAlGaAs  layers.  The  best  results 
have  been  obtained  with  devices  with  compositional  grading  and  are  very  promising:  external 
quantum  efficiency  a  38  %,  rise  time  =  21  ps  and  FWHM  a  40  ps. 
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Fig.  I  I-V  characteristics  of  a 
24x24  pm2  double  heterostructure  p-i-n 
diode  with  abrupt  interfaces  in  the  dark 
(lower  curve.  I  =  586  pA  for  V  =  5.0  V) 
and  illuminated  with  white  light  through 
the  prober  microscope  (upper  curve). 


Fig.  3  Dependence  of  peak  amplitude, 
rise  time  and  FWHM  on  bias  voltage  of  a 
24x24  pm2  with  compositional  grading. 
Optical  pulse  characteristics:  rise  time 
=  5.3  ps,  FWHM  *  7.4  ps,  repetition  rate 
a  440  MHz  and  peak  power  a  6  mW. 


0.0  1.0  S.O  0.0  4.0  5.0  6.0  7.0  8.0  9.0  10.0 


BIH  Voltage  (VI 


Fig.  2  Dependence  of  peak  amplitude  on 
bias  voltage  of  24x24  pm2  diodes  with 
abrupt  Interfaces,  doping  setback  layers 
and  compositional  grading.  Optical  pulse 
characteristics:  rise  time  a  44  ps.  FWHM 
=  45  ps.  repetition  rate  a  350  MHz  and 
peak  power  a  14.6  mW. 


Fig.  4  Pulse  response  of  a  24x24  pm2 
diode  with  compositional  grading  at  8  V 
bias.  Optical  pulse  characteristics:  rise 
time  a  44  ps.  FWHM  a  45  ps.  repetition 
rate  a  350  MHz  and  peak  power 
a  14.6  mW. 

Scale  x:  50  ps/dlv. 

y:  20  nvV/div., 
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GaSb  AND  GalnAsSb  PHOTODETECTORS  FOR  X  >  1.55  pm  PREPARED  BY  METAL  ORGANIC 
CHEMICAL  VAPOR  DEPOSITION 
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Resume  -  Des  couches  de  GaSb  de  type  p  et  n  ont  ete  elaborees  par  depot  en  phase  vapeur 
a  partir  d'organometalliques  (MOCVD)  sur  des  substrats  de  GaSb  et  de  GaAs  semi-isolant  ; 


les  plus  faibles  niveaux  de  dopage  obtenus  sont,  p 
couches  de 


=  2x 


1016cm'3, 


n  =  8  x 


1015cm'3 


Des 


Gaj_xlnxASySbj  de  type  p  ont  aussi  ete  fabriquees  par  cette  methode  avec 

une  composition  assurant  la  photodetection  a  2.5pm.  Les  proprietes  des  couches  et  des 
jonctions  obtenues  sont  decrites. 


Abstract  -  p  and  n  GaSb  layers  have  been  grown  on  GaSb  and  semi-insulating  GaAs  subs¬ 
trates  by  Metal  Organic  Chemical  Vapor  Deposition  (MOCVD)  method  ;  the  lowest  doping 

levels  obtained  are 


p  =  2  x  lo'^cm'3, 


8  x  1015cm  3.  P  type  Ga,  In  As  Sb,  layers 
1-x  x  y  1-y  ’ 


have  also  been  fabricated  by  MOCVD  with  a  composition  insuring  the  photodetection  at 
a  wavelength  of  2.5pm.  The  properties  of  the  layers  and  of  the  as  grown  junctions  are 
described. 


With  the  aim  of  realizing  a  Separated  Absorption  and  Multiplication  (SAM)  photodetector, 
at  a  wavelength  of  2.5pm  preparation  and  characterization  of  GaSb  and  Ga,  In  As  Sb.  layers 
and  devices  have  been  undertaken.  -x  x  y  y 


1  -  FABRICATION  /!/ 

The  different  layers  are  elaborated  by  Metal  Organic  Chemical  Vapor  Deposition  (MOCVD)  using 
trimethyl-gallium  (TMG),  trimethyl-indium  (TMI)  and  trimethyl-antimony  (TMSb)  in  a  vertical  reac¬ 
tor  at  atmospheric  pressure.  The  n  doping  is  obtained  using  dimethyl  tellurium  (DMTe)  diluted  in 
The  results  presented  here  are  relative  to  : 

-  n  and  p  type  GaSb  layers  deposited  on  semi-insulating  GaAs  ;  GaSb  mesa  diodes  : 
p  GaSb/n  GaSb  substrate. 

-  mesa  diodes  :  p  Gaj  xInxASySbj  /n  GaSb  substrate,  this  device  has  allowed  to  test  the 
infrared  photodetection  in  the  MOCVD  ternary  and  quaternary  alloys. 

2  -  LAYERS  CHARACTERIZATIONS 

p  GaSb 

The  lowest  Pj_j  value  (Hall  p  density)  obtained  in  our  native  GaSb  is  2  x  lo'^cm  3  at  300K 
with  an  associated  mobility  MpH=  900cm,/V.s.  The  variations  of  p^  and  PpH  with  temperature 

(77  <  T  <  300K)  are  shown  on  figure  la  and  b.  A  model  involving  two  acceptor  levels  and  a  com¬ 
pensating  donor  level  has  been  used  to  account  for  the  p  variation  and  leads  to  the  determination 

of  the  energies  E.  =  23meV,  E.  =  76  meV  with  respective  densities  N,  =  1.3  x  10*6cm'3, 

A-  A. 

16*  -3  £  1 

=  1.03  x  10  cm  .  The  donor  density  is  negligible,  the  hole  effective  mass  has  been  choosen 

equ&l  to  0.23  m^/2/,  the  spin  degeneracy  factor  =  4  ;  the  factor  g^  =  2  has  been  derived 

from  the  calculation.  This  result  indicates  that  this  layer  is  weakly  doped  Snd  weakly  compensated 
and  that  the  involved  elaboration  technique  does  not  introduce  any  new  electrically  active  defect. 
The  existence  of  two  native  acceptor  levels  has  already  been  derived  from  optical  and  electrical 
measurements  in  various  GaSb  samples  ;  our  and  values  are  nearly  equivalent  indicating 

that  E^  may  correspond  to  the  2nd  ionization  of  Aj.  Sur  less  doped  sample  is  comparable 

to  the  t&st  publicated  results  of  H.  Miki  et  al./3/  ;  pu=  1.1  x  1016cm'3,  u  „=  620cmJ/V.s 

.  15  1  **  pH 

and  M.  Lee  et  al/4/  :  pH=  7.8  x  10*  cm'  ,  MpH=  950cm7V.s. 
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n  GaSb 

The  n  doping  level  has  been  controlled  by  varying  the  DMTe  pressure  in  the  reactor  /5/. 
The  lowest  n^  value  has  been  obtained  with  the  following  growth  parameters  :  T  =  560°C, 

P(OMTe)  =  i  x  10'6  Atm  ;  V/III  ratio  =  1  :  nj_j=  8  x  lO^cm"^,  Mnu=  5000cm W.s  at  300K.  The 
figures  2a  and  b  show  the  variations  of  n^  and  tJn (_j  as  a  function  of  T  for  three  representative 
samples.  The  increase  of  n^  with  decreasing  temperature  can  be  explained  by  the  contribution  of 
two  types  of  carriers  (  r  and  L  bands)  coming  from  a  degenerated  Te  donor  level. 

In  conclusion,  despite  of  the  huge  lattice  mismatch  (  Aa/a  =  7.8.10”^)  the  electrical  proper¬ 
ties  of  these  p  and  n  layers  are  very  similar  to  those  of  single  crystal  materials. 

3  -  OPTOELECTRONIC  PROPERTIES  OF  THE  DEVICES 

GaSb  diodes 

They  are  made  of  natural  p  MOCVD  GaSb  layer  on  n  GaSb  substrate.  The  mesa  diode  diame¬ 
ter  is  190pm. 

-  Capacitance  -  Voltage  (C-V)  characteristics. 

2 

Some  devices  exhibit  a  linear  i/C  =  f(V)  variation,  however,  generally  such  a  variation  is  not  obser¬ 
ved  and  two  limiting  effective  doping  levels  N„  at  low  voltage  and  N„  >  N„  at  high  voltage 

tij  B2  B1 

can  be  deduced.  This  fact  could  be  related  to  an  interaction  layer  -  substrate  during  the  growth 
which  needs  further  investigations.  The  experimental  values  does  not  exactly  coincide  with  the 
calculated  ones  deduced  from  the  hole  density  in  the  layer  and  the  electron  density  in  the  substrate 
;  M.  Yano  et  al  /6/  have  already  observed  such  a  discrepancy  and  attributed  it  to  interface  defects. 

-  Current  voltage  1-V  characteristics. 

A  typical  example  of  room  temperature  I-V  characteristic  is  shown  on  figure  3.  A  generation- 

recombination  current  I_  „  is  dominant  in  the  low  voltage  range  with  a  T  value  of  10‘10s.  For 
higher  polarization  values  an  excedentary  current  is  present  greater  than  the  expected  current. 
This  current  can  be  due  to  the  extension  of  the  space  charge  in  a  perturbed  region  with  lower 
values,  this  region  could  be  the  metallographic  interface  ;  this  current  may  also  be  due  to  surface 
leakages  in  these  unpassivated  devices.  For  V  >  7V  a  more  or  less  soft  breakdown  occurs  which 
can  be  attributed  to  multiplication.  The  multiplication  is  confirmed  by  the  variation  of  the  I-V 
characteristic  with  temperature  which  exhibits  a  shift  of  the  breakdown  to  lower  V  values  and  a 
more  abrupt  avalanche  *,  it  is  also  confirmed  by  the  observed  photocurrent  multiplication  measured 
at  1.3pm  (figure  9). 

-  Spectral  responses 

The  figure  5a  represents  a  typical  spectral  response  of  a  GaSb  diode  with  a  junction  depth 
of  9  pm.  The  external  quantum  efficiency  at  I.55pm  is  equal  to  0.22.  Based  on  a  single  model 
of  homojunction,  the  diffusion  length  in  the  MOCVD  GaSb  layer  can  be  estimated  :  Ln  4pm. 

Gaj  ^In^ASySbj  y  diodes 

In  this  first  step  of  investigation,  the  non  optimized,  and  generally  mismatched  heterojunc¬ 
tions  made  of  a  p  Gaj  xInxASySbj  deposited  on  n  GaSb  substrate  have  been  elaborated  in  order 

to  determine  the  growth  parameters  corresponding  to  x  and  y  values  allowing  the  photodetection 
at  a  wavelength  of  2.5pm. 

The  spectral  response  of  figure  5b  is  relative  to  the  diode  P20  in  which  the  quaternary  layer  was 
^a0  8*n0  2^s0  18^0  82  *s  matc^ec*  t0  GaSb,  the  figure  5c  is  relative  to  the  diode  19  on  which  the 

ternary  layer  was  Gag  g-In^  375b.  A  backward  illumination  (through  the  substrate)  has  been  used 
to  do  the  measurement. 

For  the  matched  heterojunction,  the  spectral  response  is  classical,  the  cut-off  wavelength  in  the 
near  infrared  range  is  about  2.3pm.  For  the  mismatched  heterojunction,  the  cut-off  appears  beyond 
2.5pm  (the  evaluated  gap  for  x  =  0.37  is  430  meV)  but  the  photoresponse  cannot  be  explained  by 
the  presence  of  only  two  materials  :  GaSb  (Eg  =  730  mev),  Ga^  ^jln^  j^Sb  (Eg  =  430  meV), 

the  increase  of  the  response  at  about  I.9pm  is  probably  due  to  a  material  of  intermediate  composi¬ 
tion. 

4  -  CONCLUSION 

MOCVD  method  has  allowed  to  elaborate  p  and  n  type  GaSb  layers  with  electrical  properties  very 
similar  to  the  best  ones  measured  on  material  grown  by  other  techniques. 

The  growth  method  has  also  allowed  to  deposite  Ga.  In  As  Sb.  layers  with  a  gap  value  adapted 
to  the  photodetection  at  \  -  2.5pm.  -x  x  y  i-y 


This  work  must  be  extended  with  three  main  purposes  :  the  decrease  of  the  doping  level  in  GaSb, 
the  control  of  the  growth  conditions  in  order  to  fabricate  GaQ  7i#InQ  26Asq  24Sb0  76  layers  matched 

to  GaSb  with  Eg  =  490  meV  and  the  evaluation  of  the  phototransport  parameters  in  this  absorbing 
layer. 
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Fig.l  -  Hole  density  and  mobility  in  p  type 
MOCVD  GaSb  layer  as  a  function  of 
temperature 


Fig.2  -  Electron  density  and  mobility 
in  n  type  MOCVD  Te  doped  layers  as  a 
junction  of  temperature 


0  X  4  6  8  10 

Fig.3  -  Reverse  dark  I-V  characteristic  at  300K 
for  a  typical  GaSb  diode. 

...Calculated  generation-recombination  and 
band  to  band  tunnel  I  ^  currents 


0  5  10  15  20  25 


Fig.4  -  Photocurrent  multiplication  at  300  and 
77K  measured  on  a  GaSb  diode  (  X  =  1.3pm) 


Fig.  5  -  Spectral  responses  measured  on  : 

a)  GaSb  photodiode  DT29  Tj  max=  0.32 

b)  matched  Ga^  jlng  gASg  jgSbg  g^GaSb  heterojunction  P20 

c)  mismatched  GaQ  63InQ  37Sb/GaSb  hetero junction  19 
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1.5pm  PHASE  SHIFTED  DISTRIBUTED  FEEDBACK  LASER 

M.  GILLERON,  J.  CHARIL,  D.  LESTERLIN,  P.  CORREC  and  J.C.  BOULEY 

Centre  National  d 'Etudes  des  T&ldcommnlcatlons .  Laboratoire  de 
Bagne ux,  196,  Rv.  Henri  Ravera,  F-9222 0  Bagneux,  France 

Resume  -  Nous  presentons  la  conception,  la  technologie  de  fabrication  et  les 
proprietes  d'emission  de  lasers  a  contre-reaction  distribute  dephasee.  L'utilisation 
d'un  ruban  de  largeur  non  uniforme  conduit  a  un  pourcentage  plus  eleve  de 
fonctionnement  monomodal. 


Abstract  -  We  present  the  design,  technology  and  lasing  properties  of  phase-shifted 
distributed  feedback  lasers.  The  use  of  a  non-uniform  width  stripe  leads  to  a  higher 
percentage  of  single-longitudinal-mode  operation. 


1-IHTR0DUCTI0H 

GalnAsP/InP  distributed  feedback  (DFB)  lasers  are  attractive  light  sources  for 
long-haul,  high  bit-rate  optical  fibre  transmission  systems.  In  order  to  improve  the  single¬ 
mode  operation  yield,  many  structures  have  been  proposed  /1, 2, 3/  to  introduce  an  optical 
phase-shift  inside  the  cavity  to  remove  the  wavelength  degeneracy  and  suppress  the 
wavelength  dependence  on  the  facet  positions  usually  observed  in  the  conventional  DFB 
lasers.  In  this  paper,  we  present  the  technology  and  properties  of  a  1.55mh>  Phase-Shifted 
Buried  Ridge  Stripe  (PS-BRS)  laser  easily  obtained  by  adjusting  the  optical  wave  propagation 
constant  with  a  longitudinally  non-uniform  stripe  width. 


2-STRUCTURE 


Fig.  1:  Schematic  view  of  the  1.5um 
Phase-Shifted  Buried  Ridge  Stripe  laser. 


Fig.  2:  SEM  photograph  of  the  phase  shifter 
before  the  second  epitaxy. 


The  PS-BRS  laser,  derived  from  the  BRS  structure  /4/,  is  schematically  shown  in 
Fig.  1.  The  laser  reported  here  has  been  entirely  grown  by  Liquid  Phase  Epitaxy  (LPE). 
First,  a  n-InP  buffer  layer,  a  1.5|jm  GalnAsP  active  layer  and  a  1.37pm  GalnAsP  guide  layer 
were  successively  grown  by  two-phase  LPE.  Then,  a  2nd  order  grating  was  chemically  etched 
into  the  guide  layer  and  a  non-uniform  width  stripe  selectively  etched  into  the  active  and 
guide  layers  (Fig.  2).  Finally,  single-phase,  low-temperature  LPE  was  used  to  overgrow  the 


L 
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burying  p-InP  and  the  contact  p*-q  uaternary  layers.  GaAs  protection  cover  was  used  to 
reduce  the  grating  deformation  likely  to  occur  during  the  heating  period  prior  to 
overgrowth.  Classical  technologies  were  used  to  obtain  300pm-long  laser  chips. 


Fig.  3:  Calculated  relationship  between  the  phase  shifter  length  Lp  and  the  stripe  width 
widening  (narrowing)  of  the  stripe  AW. 


The  wider  stripe  region  of  width  Wp  and  length  L[P50pm  acts  as  a  phase  shifter  and 
has  been  designed  to  produce  a  /r/2-phase  shift  /1, 3/.  The  nominal  stripe  width  of  the  mask 
is  2pm  but,  because  of  underetching,  the  actual  uniform  stripe  width  W  g  is  1.8pm.  To  avoid 
parasitic  reflections  at  the  ends  of  the  phase  shifter,  tapered  regions  were  introduced  to 
connect  it  smoothly  to  the  uniform  regions  and  the  widening  of  the  stripe  AW=\lp  -  Wg  was 
set  to  1pm.  Fig.  3  shows  the  calculated  relationship  between  the  phase  shifter  length  LP  and 
the  widening  (narrowing)  of  the  stripe  AW.  We  notice  that  LP  is  rather  sensitive  to  Wg.  For 
example,  if,  because  of  excessive  etching,  Wg  decreases  from  1.8  to  1.5pm,  the  optimum  phase 
shifter  length  decreases  from  50  to  35  pm  and  a  50pm-long  phase  shifter  designed  for 
Wa=1.8pm  and  AW  =  liim  will  produce  a  total  phase-shift  of  0.7/r.  Hence,  the  lasing  properties 
of  the  resulting  lasers  will  be  severely  degraded. 

3-LASIWC  CHARACTERISTICS 


Fig.  4:  Typical  light-current  characteristics  Fig.  5:  Sub-  and  above-threshold  spectra  of  a 
of  a  PS-BRS.  PS-BRS  laser  with  an  anti-reflection  coated 

front  facet 
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Fig.  4  shows  the  light-current  characteristics  of  12  unselected  lasers  measured  from 
the  same  cleaved  bar.  Threshold  currents  range  between  40  and  50  mA.  Almost  90%  of  the 
mounted  lasers  exhibited  CW  single  longitudinal  mode  (SLM)  operation  with  a  side  mode 
suppression  ratio  greater  than  30  dB. 

Fig.  5  shows  typical  sub-  and  above-threshold  spectra  of  a  PS-BRS  laser  with  an 
anti- reflection  coated  front  facet.  Above  threshold,  the  laser  exhibits  mode  hopping  free  SLM 
operation  up  to  the  optical  power  saturation  due  to  the  current  leakage  of  the  BRS 
structure.  SLM  operation  is  also  observed  with  a  main  mode  and  side  modes  located 
symmetrically  to  the  main  mode.  This  symmetry  demonstrates  the  effect  of  the  phase  shifter 
on  mode  selection  and  validates  the  stripe  design. 


4-COHCLOSION 


We  have  reported  on  the  design,  technology  and  lasing  characteristics  of  PS-BRS 
lasers.  We  have  experimentally  observed  that  the  percentage  of  SLM  operation  is  higher  for 
such  lasers  that  for  conventional  lasers  with  uniform  width  stripes. 
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FABRICATION  AND  LASING  PROPERTIES  OF  A  NOVEL  SINGLE  LONGITUDINAL  MODE  1.5  pm 
GalnAsP/InP  DISTRIBUTED  REFLECTOR  (DR)  LASER 


K.  KOMORI ,  H.  SUZUKI,  K.S.  LEE,  S.  ARAI,  Y.  SUEMATSU,  M.  AOKI  and 
S.  PELLEGRINO* 

Department  of  Physical  Electronics .  Tokyo  Institute  of  Technology , 
2-12-1  Ookayama.  Meguro-Ku.  Tokyo  152,  Japan 

*  C .S .EL. T . ,  Centro  Studi  e  Laboratori  Telecomunicazioni  SPA,  Via  Reiss 
Romoll  274,  1-10148  Torino,  Italy 


Resume  -  Un  nouveau  laser,  du  type  a  single  mode  dynamique,  avec  reflecteur  distribue 
dans  les  regiones  active  et  passive  a  ete  realise.  On  a  identifie  des  interessantes 
proprietes  comme  un  eleve  rapport  de  soppression  des  modes  satellites,  un  petit 
courrant  de  seuil  et  des  proprietes  d'emission  asymmetrique. 


Abstract  -  A  new  type  of  dynamic  single  mode  laser,  which  has  distributed  reflector  (DR) 
both  in  active  and  passive  regions  has  been  realized;  attractive  properties  such  as 
high  sub-mode  suppression  ratio,  low  threshold  and  asymmetric  properties  have  been 
detected. 


Introduction 


We  report  the  fabrication  process  and  preliminary  results  concerning  a  new  dynamic  single 
longitudinal  mode  (DSM)  laser  with  the  aim  of  high  power  operation  and  high  single  mode 
fabrication  yield.  Asymmetric  DFB  lasers  in  High/Low  reflection  configuration  reported  up 
to  now  and  obtained  by  coating  front  and  rear  facets,  have  a  DSM  expectation  value  around 
80%  (1).  Hence  we  developed  a  structure  capable  of  high  power,  high  yield  DSM  operation 
as  well  as  suitable  for  monolithic  integration,  by  joining  a  Distributed  Bragg  reflector 
to  a  DFB  structure,  in  a  Bundle  Integrated  Guide  (BIG)  (2)  configuration  to  maximize 
the  coupling  between  DFB  and  DRB  regions.  The  theoretical  analysis  of  the  structure  has  been 
published  elsewhere  (3). 

Structure  and  Fabrication 


A  schematic  drawing  of  the  structure  is  shown  in  fig.l,  and  in  fig. 2  the  fabrication 
sequence  is  outlined.  The  island-type  mesa  process  (4)  was  employed,  during  the  second 
within  the  four  total  LPE  growth,  in  order  to  obtain  flat  growth  conditions  of  the 
GalnAsP  (*g=1.3  ^um)  passive  waveguide.  High  quality  first  order  grating  on  AZ  photoresist 

has  been  obtained  employing  an  Ashing  process  at  low  oxygen  pressure  and  RF  power; the  Ashing 
rate  is  shown  in  fig. 3.  The  grating  was  transcripted  using  ( HBr ;HN03 ;H20=1 ; 1 : 10)  solution: 
the  chemical  characterization  of  the  system  and  its  etching  properties  will  be  described 
elsewhere.  Finally,  usual  Buried  Heterostructure  was  formed  during  the  fourth  LPE  growth. 


Results 
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Minimum  CW  threshold  current  of  25  mA  was  obtained  for  a  400  um  DFB,  200  ^um  DBR  regions 
length,  respectively.  Since  the  stripe  width  was  3  ^um,  hte  threshold  current  density  was  as 
low  as  2  KA/cm2.  In  pulse  conditions  asymmetric  emission  properties  were  detected,  as  shown 
in  fig. 4,  with  a  front  to  rear  power  ratio  of  2.1,  demonstrating  good  match  between  DFB 
emission  and  DBR  reflectivity  spectrum.  Single  longitudinal  mode  emission  at  1.5  ^urn  up  to 
3  times  threshold  (6  mW  output  power)  were  observed,  as  shown  in  fig.  5.  The  lasing  wavelength 
temperature  coefficient  and  characteristic  temperature  To  were  0.1  nm/deg  at  1.2  times 
threshold  and  53  K .respectively  (fig.  6).  The  large  fixed  single  mode  operation  range  shows 
that  the  laser  is  operating  in  DR  rather  than  in  DBR  mode. 

Conclusion 

A  new  kind  of  DSM  laser  was  developed;  threshold  current  as  low  as  25  mA,  asymmetric  emission 
properties  and  sub-mode  suppression  ratio  of  38  dB  at  3  times  threshold  were  recorded. 


Fig.  2  -  Fabrication  Flow-Chart  (read  by  columns). 
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Fig.  3  -  Ashing  rate  of  AZ  photoresist  Fig.  4  -  L-I  curve  for  front-rear  emission- 

oxygen  pressure  =  4*10-2  mbar 
RF  power  =  30  W 
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Fig.  5  -  Typical  lasing  spectrum. 
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Fig.  6  -  Temperature  dipendence  of  lasing 
spectrum  and  threshold  current. 
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SILICON  MOLECULAR  BEAM  EPITAXY  :  STATUS  7  DEVICES  ;  TRENDS 


E.  KASPER 

AEG  Research  Center,  D-7900  Ulm,  E.R.G. 


Abstract  -  The  single  crystal  growth,  by  molecular  beam  epitaxy,  of  materials  compatible  with  sili¬ 
con  is  described,  and  device  applications  are  given.  Process  temperatures  are  decreased  to  240°C, 
heteroj unction  devices  are  fabricated,  strained  layer  Si/Ge  superlattices  are  investigated,  and 
silicon  based  monolithic  integration  of  heteroj unction  devices  and  conventional  devices  is 
suggested. 


1  -  INTRODUCTION 

Todays  microelectronics  development  is  governed  by  the  shrinkage  of  lateral  dimensions.  As  a  con¬ 
sequence  the  technology  is  forced  also  to  reduce  vertical  dimensions,  and  to  decrease  process  tem¬ 
peratures.  Other  material  systems,  like  GaAs,  are  competing  with  Si,  especially  for  high  speed  de¬ 
vices  and  for  optoelectronic  applications.  The  electronic  functions  are  confined  to  a  rather  thin 
surface  layer  on  a  several  hundred  micron  thick  substrate.  With  increasing  tendency  this  surface 
layer  is  fabricated  by  epitaxy  -  a  single  crystal  deposition  process  at  temperatures  well  below  the 
melting  point.  The  substrate  serves  as  stable  handling  support  which  gives  orientation  information 
to  the  epitaxy  layer  grown  on  it.  In  a  traditional  way  a  uniform  epitaxy  layer  is  grown,  which 
serves  as  a  thin  substrate  to  the  following  device  definition  processes.  The  well  proven  chemical 
vapour  deposition  (CVD)  process  fulfills  nearly  perfectly  the  requirements  of  this  simple  layer 
structure  as  long  as  layer  thickness  is  well  above  the  micron. 

The  introduction  of  a  new  method  as  silicon  molecular  beam  epitaxy  (Si-MBE)  is  justified  if  be¬ 
sides  better  solutions  to  remaining  problems  new  opportunities  for  device  physics  and  fabrication 
will  be  opened.  Si-MBE  offers  submicron  layers,  extremely  abrupt  junctions,  complex  dopant  profiles 
for  complete  realization  of  the  vertical  device  structure,  processii  ’  at  temperatures  low  enough  to 
suppress  totally  solid  state  diffusion  of  group  III/V  elements,  and  neteroepitaxy  of  Si-semicon¬ 
ductor,  Si-metal  and  Si-insulator  structures.  Indeed,  one  of  the  objectives  of  this  article  is  to 
stimulate  device  designers  and  manufacturers  not  to  be  satisfied  with  a  simple  layer  on  a  substrate 
but  to  demand  realization  of  vertical  device  structures  with  high  degree  of  design  freedom. 

The  reader  is  referred  to  three  books  /I  -  3/  which  allow  an  in  depth  sight  of4the  main  topics 
treated  here.  Individual  references  are  only  given  for  very  recent  results.  A  good  opportunity  for 
more  information  is  given  to  European  scientists  with  the  3rd  Int.  Symposium  on  Si-MBE  (E-MRS 
Spring  Meeting,  May,  29th  -  June,  2nd,  Strasbourg,  1989).  Call  for  papers  can  be  obtained  from  the 
author. 


2  -  STATUS 

A  rather  small  community  (roughly  fifty  groups  around  the  world)  from  universities  and  industrial 
research  laboratories  define  the  technical  status  of  SI-MBE. 

2.1  -  The  method 

MBE  as  physical  vapour  deposition  (PVD)  process  refines  the  evaporation  method  by  condensation  of 
the  molecular  beams  on  heated  surfaces  within  an  ultrahigh  vacuum  (UHV)  environment  (Fig.  1).  Of 
essential  importance  are  the  cleanliness  of  the  surface  and  an  understanding  of  the  adsorption  of 
atoms  on  the  growing  surface.  The  cleanliness  of  the  surface  is  determined  by  an  in  situ  cleaning 
step  before  epitaxy  and  by  the  clean  ultrahigh  vacuum  surrounding.  Atoms  from  the  molecular  beam 
impinging  on  the  surface  are  bonded  to  the  surface  with  a  desorption  energy  lower  than  the  binding 
energy  of  the  crystal.  The  adatoms  diffuse  rather  easily  on  the  surface  creating  a  twodimensional 
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MOLECULAR  BEAMS 

matrix  elements  dopants 


•  •  • 

substrate  m  m  m 


Fig.  1:  Molecular  Beam  Epitaxy  (MBE) .  Adsorption  and  incorporation  of  beam  atoms  (left  side). 
Surface  model  (right  side).  Desorption  energy  E  .. (4) ,  binding  energy  W(1)  and  diffusion 
barrier  Us (3 ) . 

adatom  gas.  Adatoms  are  incorporated  at  surface  steps  which  move  forward  by  this  adatom  catching. 
Vertical  growth  proceeds  by  lateral  movement  of  atomic  steps. 

2.2  -  The  apparatus 

Within  the  ultrahigh  vacuum  pumped  growth  chamber  are  three  subsystems  (table  1).  Matrix  and 


Table  1:  Subsystems  of  an  Si-MBE  growth 
Subsystem  Sources 

Typ.  examples  Effusion  cell, 

E-gun  evaporator, 

low  energy  ion 
implanter 


dopant  elements  are  evaporated  from  the  sources  equipped  with  beam  shutters.  Fig.  2  shows  an 
effusion  cell  used  for  dopant  evaporation.  As  dopants  from  effusion  cells  Sb  far  n-dopina  and  Ga.B' 
for  p-doping  are  used.  Low  energy  ion  implanters  use  preferably  As  for  n-doping  and  B  for  p-doping. 

The  growth  chamber  is  or  can  be  connected  with  further  UHV-chambers,  e.g.  load  lock,  preparation 
chamber,  analyses  chamber.  Many  of  the  equipments  are  home  made  with  differing  design.  Within  the 
last  years  equiment  manufacturers  (table  2)  improved  their  apparatus  considerably. 


chamber 

Wafer  Heater 

graphite  meander 
(heated  by  electrical 
current) 


In  situ  Monitoring 

Quadrupol  mass  spectrometer 
(QMS), 

Reflection  high  energy 
electron  diffraction  (RHEED) 


Table  2:  Si-MBE  equipment  manufacturers 


Anelva 

Atomika 

Perkin  Elmer 

Riber 

Varian 

VG 

(Japan) 

(FRG) 

(USA) 

(France) 

(USA) 

(England) 
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Fig.  2:  MBE-equipment:  Typical  effusion  cell  design.  H,*-l 


2.3  -  Doping  techniques 


Coevaporation  of  the  dopant  material  is  of  limited  use  in  Si-MBE  because  of  desorption  and  segre¬ 
gation  phenomena.  Therefore  ion  assisted  doping  techniques  were  developed  which  may  be  interesting 
also  for  outside  MBE  applications.  Low  energy  ion  implantation  operates  with  ion  beams  which  are 
deaccelerated  to  1  to  3  keV  energy  and  focussed  to  an  entrance  port  to  the  MBE  chamber.  With  the 
help  of  an  electrostatic  deflection  plate  the  beam  is  scanned  over  the  wafer. 

Doping  by  secondary  implantation  (DSI)  utilizes  the  Si-ions  always  present  in  electron  gun  evapo¬ 
ration  (typ.  0.1%  of  the  atomic  beam  density).  The  Si-ions  are  accelerated  by  an  applied  substrate 


substrate 

Sb  concentration  (cm3)  voltage  (V) 


Fig.  3:  Doping  by  secondary  implantation  (DSI).  Dopant  profile  (Sb)  and  corresponding  substrate 
voltage  (left  side).  Scheme  of  process  (right  side). 
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voltage  (typ.  100  V  -  1000  V)  toward  an  preadjusted  Sb-adatom  layer  (typ.  0.1  monolayer  (ML))  on 
the  wafersurface  (Fig.  3).  The  Si-ions  knock  on  the  Sb-adatoms  and  implant  them  a  short  distance 
(  ~1  nm).  Very  sharp  transitions  (Fig.  3)  and  f-doping  spikes  can  be  created  by  this  technique. 

2.4  -  Heteroepitaxy 

Semiconductor-silicon,  but  also  metal-silicon  and  insulator-silicon  couples  can  be  grown  by  Si-Mi 
(table  3).  Silicides,  calcium  fluoride  and  silicon  germanium  are  the  most  prominent  partners  of 


Table  3:  Si-based  heteropitaxy  partners 


material  class 

semiconductor 

metal 

insulator 

partner 

SiGe,  Ge 

NiSi 2 . 

CaF2 

G«A< 

CoSig 

silicon  based  heterosystems.  GaAs  on  Si  is  usually  grown  in  an  GaAs-MBE  equipment  although  the 
in  situ  cleaning  is  Si-MBE  typical.  A  connection  between  Si-MBE  and  III/V-MBE  equipments  will 
allow  growth  of  a  wide  variety  of  materials. 


3  -  DEVICES 

Device  classes  are  selected  which  are  not  only  DC  characterized. 

3.1  -  Integrated  bipolar  transistors 

In  one  approach  the  simple  uniforml y  doped  layer  of  roughly  one  micron  thickness  was  varied 
systematically  in  thickness.  With  the  given  layout  and  process  sequence  a  maximum  transit  fre¬ 
quency  of  7  GHz  was  obtained  with  -  1.2  pm  layer  thickness.  The  transit  frequency  decreased  to 
6  GHz  and  4  GHz  for  layer  thicknesses  of  0.9  pm  and  1.7  pm  respectively.  2.5  GHz-Frequency  di¬ 
viders  were  fabricated  with  high  yield  from  Si-FBE  layers. 


Fig.  4:  Integrated  bipolar  transistor  from  differential  epitaxy  layers.  Frequency  fT  versus 
current  fc>  Inset:  transistor  structure. 
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A  more  interesting  approach  demonstrated  lateral  definition  of  device  structures  by  growth  into 
oxide  windows.  This  growth  mode  is  called  differential  epitaxy  (Fig.  4).  The  first  results  were 
encouraging  resulting  in  transit  frequencies  comparable  to  the  above  mentioned  data.  There  was,to 
my  knowledge  no  real  trial  to  fabricate  the  whole  structure  of  a  high  frequency  transistor  by 
Si-MBE. 

3.2  -  Silicon  mm-wave  integrated  circuits  (SIMM  WIC) 

Up  to  now  the  brightest  success  with  Si-MBE  structures  was  obtained  for  discrete  mm-wave 
( > 30  GHz)  devices.  The  first  commercial  Si-MBE  device  /4/  -  a  90  GHz-Impact  Avalanche  Transit 
Time  (IMPATT)  diode  -  is  the  existing  most  powerful  semiconductor  device  in  this  frequency  range, 
and  has  the  potential  to  occupy  oscillators  from  60  GHz  to  300  GHz. 

A  real  break  through  was  the  monol ithic  integration  of  the  IMPATT  into  a  75  GHz-oscillator  /5/.  In 
the  meanwhile  mm-wave  receivers  and  transmitters  with  integrated  antennae  were  realized  (Fig.  5) 
pushing  Si-technology  to  the  100  GHz  regime  and  beyond  this  border. 


Fig.  5:  Si-based  integration  of  100  GHz  devices  with  microstrip  oscillators,  receivers  and 

antennae  (SIMMWIC).  Scheme  (below),  outputpower  (above  right),  receiver  voltage  (above 
left)  and  a  receiver  chip  (above,  middle)  are  shown. 


3.3  -  SiGe  heterostructure  devices 

Heterostructures  offer  the  designer  a  new  freedom  because  of  the  unique  properties  not  available 
in  homogeneous  materials.  A  nice  example  is  J.F.  Luy's  /6/  work  on  a  MITATT  diode  with  improved 
noise  properties.  But  the  classical  examples  are  the  n-channel  M0DFET  and  the  waveguide  APD  op¬ 
tical  detector  (Fig.  6)  fabricated  by  H.  Dambkes  and  T.P.  Pearsall  from  E.  Kaspers  and  J.  Beans 
material,  respectively.  A  review  of  the  recent  work  on  SiGe  heterostructure  devices  is  given  in 
77/ . 
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Fig.  6:  N-channel  MODFET  (left  side)  and  optoelectronic  (1.3  pm)  APD-receiver  (right  side)  based 
on  SiGe  heterostructures  on  Si  substrates. 


4  -  TRENDS 

MBE  fits  very  well  into  the  general  trend  of  semiconductor  processing  toward  low  process  tempera¬ 
tures  and  submicron  structure  dimensions.  Silicon  on  insulators  (SOI)  are  gaining  increasing  im¬ 
portance.  This  paper  will  discuss  MBE-typical  solutions  to  SOI  structures.  A  very  large  contri¬ 
bution  to  the  pertormance  advance  of  II  1/V-devices  is  given  by  the  systematic  exploitation  of 
heteroj unction  properties.  The  exploitation  of  heterojunction  effects  in  silicon  based  devices 
attracts  attention  for  extension  of  the  frequency  range  and  for  novel  concepts.  As  examples  are 
treated  for  the  former  the  heterobipolar  transistor  (HBT)  and  for  the  later  the  modification  of 
band  gap  character  by  strained  layer  superlettices  (SLS).  Monolithic  integration  of  such  hetero¬ 
structure  and  superlattice  devices  with  silicon  based  conventional  iC’s  is  proposed  to  be  one  of 
the  innovative  technology  directions  of  the  90' s. 

4.1  -  Low  process  temperatures 

Si-MBE  has  reduced  the  growth  temperatures  of  epitaxy  layers  far  below  the  temperatures  usually 
applied  by  the  CVD-process.  Standard  growth  temperatures  for  the  Si-MBE  process  are  between  550°C 
and  750°C.  This  is  low  enough  to  suppress  completely  the  solid  state  diffusion  of  the  common  dopant 
elements  from  group  III  and  group  V  of  the  periodic  system  of  elements.  Recent  investigations  are 
directed  toward  a  further  reduction  of  the  process  temperatures.  A  lower  limit  of  single  crystal 
growth  of  silicon  seems  to  be  reached  between  140°C  and  240°C.  The  most  important  results  of  such 
investigations  aoo  in  contradiction  to  earlier  results  obtained  from  CVD  experiments. 

-  On  a  single  crystalline  substrate  epitaxy  is  obtained  at  all  temperatures  above  temperature  T^ 

which  is  slightly  dependant  on  growth  rate.  For  very  thin  layers  single  crystal  growth  is  v 
also  possible  at  temperatures  below  TEd;  but  with  decreasing  crystal  perfection  as  thickness  in¬ 
creases.  p 

-  The  transition  at  T^  is  between  the  single  crystalline  phase  and  the  amorphous  phase.  Poly  cry¬ 
stalline  layers  are  created  only  if  ordering  information  is  failing  either  by  an  amorphous  layer, 
e.g.  Si02,  or  by  a  contamination  of  the  surface. 

-  The  condensation  coefficient  is  unity  at  the  Si-MBE  growth  temperatures.  That  means  all  material 
from  incoming  molecular  beams  condenses  at  the  surface  with  negligible  reflection  or  desorption 
events. 

4.2  -  Silicon  on  insulator  (SOI) 


The  creation  of  silicon  on  insulator  (SOI)  structures  does  not  belong  to  the  original  strengths  of 
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Si-MBE.  But  now,  at  least  three  ways  are  offered  to  create  SOI-structures: 

-  Epitaxy  on  porous  silicon.  The  low  growth  temperatures  avoid  a  change  of  the  properties  of  porous 
Si,  which  is  a  problem  at  process  temperatures  above  900°C.  The  unchanged  porous  oxide  can  be 
oxidizedwith  high  lateral  oxidation  rates  from  windows  etched  into  the  epitaxy  layer.  Single 
crystal  islands  or  stripes  are  lying  on  an  oxide. 

-  Lateral  solid  phase  epitaxy  (L-SPE).  High  quality  solid  phase  epitaxy  is  obtained  by  a  slight 
variation  of  the  MBE-process.  At  room  temperature  the  impinging  molecular  beams  condens  to  an 
amorphous  layer  which  can  be  eiter  n-  or  p-doped  up  to  levels  of  10JO/cm3.  This  amorphous  layer 
recrystallizes  from  the  interface  at  temperatures  around  600°C.  Lateral  solid  phase  epitaxy 
(L-SPE)  is  obtained  if  the  deposition  takes  place  on  a  prepatterned  SiOg  layer  with  windows 

(seed  area)  to  the  substrate.  This  elegant  method  has  the  disadvantage  of  overgrowth  of  only  a 
few  microns.  Maximum  overgrowth  width  of  50  pm  was  obtained  with  highly  doped  layers. 

-  CaF2/Si  heteroepitaxy.  This  most  promising  technique  is  based  on  the  single  crystal  growth  of 

different  material  stackings  (heteroepitaxy).  Generally  for  heteroepitaxy,  problems  with  lattice 
mismatch,  with  different  thermal  expansions,  with  surface  morphology  (threedimensional  nuclea- 
tion)  and  with  quality  of  interface  structures  (dislocations,  stacking  faults,  twins,  antiphase 
boundaries)  have  to  be  overcome.  From  several  groups  encouraging  results  /8/  were  obtained  with 
the  CaF2/Si  heterosystem. CaF2  is  a  good  insulator  with  a  small  lattice  mismatch  to  silicon. 

4.3  Heterobipolar  transistor  (HBT) 

It  is  predicted,  and  in  the  III/V  material  system  already  proven,  that  bipolar  transistors  would 

benefit  from  heterotransitions  between  the  base  and  emitter  regions.  For  silicon  based  transistors 

two  concepts  are  now  under  actual  consideration. 

(i)  The  low  bandgap  base  HBT  (Fig.  7)  with  a  thin,  strained  SiGe  base  layer  between  Si  collector 
and  Si  emitter.  Since  end  of  1987  at  least  five  companies  (AEG,  AT&T,  IBM,  NEC,  British  Tele¬ 
com)  are  developing  this  transistor  typ  /9,  10/  with  a  predicted  over  40  GHz  operation  of  a 
silicon  based  device. 


Fig.  7:  SiGe  base  HBT.  Structure  and  fabrication  steps  of  the  NEC  transistor  /9/ 


(ii)  The  metal  base  transistor  utilizes  ultrathin  metal  layers  cladded  by  Si  layers  as  vertical 
transistor  structures.  As  metal  layers  N; Sip  snd  CoSi?  are  used.  Both  silicides  exhibit  low 
lattice  mismatch  to  silicon.  c  d 

4.4  -  Industrial  equipment 

The  main  body  of  Si-MBE  work  is  now  done  under  research  conditions.  Therefore,  the  equipment  manu¬ 
facturers  are  mainly  oriented  to  this  nonindustrial  market.  The  increasing  number  of  industrial 
customers  will  certainly  strengthen  efforts  toward  industrial  equipment.  Cooperation  between  equip¬ 
ment  manufacturers  and  semiconductor/electronics  industry  is  necessary.  Such  cooperation  leadfto 
the  development  of  a  batch  process  for  Si-MBE  /II/,  to  process  control  based  on  optical  in  situ 
monitoring  /1 2/ ,  and  to  en  M8E  machine  /13/  based  on  the  design  principle  of  highest  simplicity. 

The  design  principle  of  highest  simplicity  111  requires  that  an  industrial  equipment  contains  only 
subsystems  which  have  been  proven  to  be  absolutely  necessary.  Such  an  equipment  will  allow  efficient, 
cost  effective,  reliable  operation.  Fig.  8  shows  a  two  chamber  equipment  with  a  storage  chamber 
containing  a  cassette  type  25  wafer  magazin  for  up  to  150  mm  wafers,  an  automated  wafer  transfer  to 
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Fig.  8:  Si-MBE  equipment  for  single  wafer  processing  of  up  to  150  mm  diameter  wafers  / 1 3/ .  Design 
principle  of  highest  simplicity  121 . 


the  growth  chamber,  a  growth  chamber  with  mass  spectrometer  controlled  e-gun  evaporation  of  the 
matrix  beams  (Si ,  Ge). 

4.5  -  Strained  layer  superlattices 

Periodic  stackings  of  heterostructures  (superlattices)  open  the  possibility  to  tailor  material 
properties  of  semiconductors  (artificial  semiconductor).  Material  partners  with  lattice  mismatch 
can  be  combined  without  crystal  perfection  degradation,  if  the  superlattice  period  is  thin 
(strained  layer  superlattices  -  SLS).  The  most  prominent  Si-based  SLS  system  is  the  SiGe  alloy 
with  up  to  4  %  lattice  mismatch.  Adjustment  of  strain,  mobility  enhancement  of,  holes  and  electrons, 
strain  induced  band  ordering  and  phonon  zone  folding  effects  were  already  demonstrated  in  this 
system  /14/. 

Most  spectacular  predictions  promise  for  ultrathin  Si/Ge  superlattices  a  strong  enhancement  of  di¬ 
rect  band  gap  transitions.  This  would  allow  novel  optoelectronic  functions  in  a  silicon  based 
material  system. 

A  monolithic  integration  of  heterostructure  or  superlattice  devices  with  conventional  IC's  on  a 
silicon  substrate  has  the  potential  to  influence  future  electronics  in  a  dramatic  way  /Fig. 9/. 

The  silicon  substrate  would  give  the  stable,  perfect  substrate ,  the  conventional  1C  would  define 
the  complexity  level,  and  the  heterostructure  devices  would  define  the  ultimate  performance 
(speed,  combination  of  microelectronic  and  optoelectronic  functions).  The  heterostructures  will 
occupy  only  a  small  part  of  the  chip  area,  and  they  will  be  defined  by  low  temperature  processes 
after  the  conventional  IC  part.  For  the  solution  of  the  problems  connected  with,  research  on 
mismatched  structures,  low  temperature  processing  and  heterostructure  stacking  with  high  per¬ 
fection  is  needed. 
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Fig.  9:  Si-based  monolithic  integration  of  conventional  1C  with  superlattices  /  heterostructure 
devices  (left).  A  small  part  of  the  chip  area  (core  regions,  intrachip  links)  is  occupied 
by  the  heterostructures  (right). 
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MEASUREMENT  OF  MINORITY-CARRIER  LIFETIME  AND  INTERFACE  RECOMBINATION 
VELOCITIES  IN  P-I-N  DIODES,  FROM  HIGH  FREQUENCY  RESPONSE  OF  A  BIPOLAR  JFET 
STRUCTURE* 1 > 


G.  VITALE  and  P.  SPIRITO 

Dept,  of  Electronic  Engineering,  University  of  Napoli,  Via  Claudio  21, 
1-80125  Napoli.  Italy 


Abstract  -  A  new  method  to  measure  the  minority-carrier  recombination  lifetime  in  the 
low-doped  layer  of  a  p-i-n  diode,  and  its  emitter  recombination  current,  is  presented. 

The  method  is  based  on  the  measurement  of  the  cutoff  frequency  of  a  three 
terminal  device  structure,  similar  to  a  vertical  JFET,  that  incorporates  the  diode 
under  test.  The  paper  displays  the  basic  theory  of  the  measurement  and  some 
experimental  results. 


1  -  INTRODUCTION 


This  paper  presents  a  new  method  to  measure  the  minority-carrier  recombination  lifetime 
in  the  low-doped  layer  of  a  p-i-n  diode,  as  well  as  the  recombination  current  in  the  p+  layer 
of  the  diode. 

The  method  is  based  on  a  three  terminal  device  structure,  that  incorporates  the  p-i-n 
diode  under  test,  as  reported  in  Fig.l.  The  test  structure  is  similar  to  a  vertical  Junction 
Field  Effect  Transistor,  in  which  the  p-i-n  diode  under  test  can  be  either  the  Gate  -  Drain 
or  the  Source  -Gate  diode.  A  similar  device  structure  was  first  proposed  in  [1]  as  a  means  to 
measure  the  recombination  velocity  at  the  high-low  transitions  that  appear  in  the  device 
structure,  and  subsequently  used  in  [2]  to  characterize  the  BSF  of  a  Solar  Cell.  The  method, 
which  is  being  presented  here,  extends  the  characterization  of  p-i-n  diode  (or  a  Back  Surface 
Field  Solar  Cell),  by  using  the  same  test  structure  to  measure  also  the  lifetime  of  the  low- 
doped  layer  and  the  recombination  into  the  p  region. 

For  the  purposes  of  the  present  analysis,  the  test  structure  must  be  operated  with  the 
gate  forward  biased,  with  respect  to  the  source,  thus  inducing  an  electron-hole  plasma  within 
the  low-doped  layer  of  the  device.  If  a  small-signal  current  is  added  between  the  gate  and 
the  source,  an  amplified  current  is  detected  at  the  drain.  A  measurement  of  the  cutoff 
frequency  of  the  device,  as  a  function  of  the  d.c.  bias  current,  allows  the  simultaneous 
determination  of  the  epilayer  lifetime  and  of  the  recombination  velocity  associated  with  the 
p+  layer  of  the  p-i-n  diode. 


Fig.l  -  The  structure  of  the^tes^  device.  T^ie  bjxes  Indicate  the  subdivision  of  the  test 
structure  into  the  n  n  n  and  the  p  n  n  structures . 


*1,Thi»  Work  mii  Support*!)  by  SHEA  under  CNR-PFE2  Contract  no.  170/87 
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2  -  THEORY  OF  THE  MEASUREMENT 

A  small-signal  analysis  of  the  test  structure,  has  been  carried  out  by  solving  the 
fundamental  transport  equations,  linearized  for  small-signal.  To  that  purpose,  the  device  has 
been  splitted  into  two,  one-dimensional  structures,  as  shown  in  Fig. 2  and  3.  These  are:  (1) 
The  n+-n-n+,  source-drain  structure  and  (2)  the  surface  p+-n-n+  (gate-source)  structure.  When 
the  latter  is  forward  biased,  an  electron-hole  plasma  is  induced  into  the  epilayer,  within"  a 
thickness,  Xj0  which  is  controlled  by  the  source-drain  bias.  From  the  d.c.  analysis  [3],  it 
turns  out  that  X^0  is  given  by: 

2  (Pso  ~ 

Xlo - (1) 

*do  ^d 

where:  ps  is  the  hole  density  at  the  source,  Np  is  the  epilayer  doping,  A<j  is  the  device 

area,  I<j  is  the  train  current,  the  subscript  o  indicates  d.c.  quantities. 

In  the  analysis,  the  source  -  drain  structure  is  further  subdivided  into  two  parts, 
namely  the  conductivity  modulated  region,  close  to  the  source  transition,  and  a  drift  region. 
The  gate  -  source  diode  has  been  solved  by  summing  the  impedances  of  both  the  p+-n  and  the  n- 
n+  transitions  and  by  accounting  for  the  recombination  within  the  epilayer,  the  latter  being 
a  function  of  the  thickness  of  the  conductivity  modulated  region,  Xj  The  two  structures  are 
bound  together  by  setting  a  common  boundary  condition  both  for  the  static  and  the  dynamic 
equations.  Finally  the  small  -  signal  impedances,  Z21  and  Z22  have  been  calculated  by 
integrating  the  electric  field  over  the  various  regions  to  obtain  the  voltage  and  by 

recalling  that: 


Z21 


Ih=0 


(2a); 


i22 


v° 


(2b) 


The  small-signal,  common  source  current  amplification,  hfs  has  been  obtained 

Z2i/Z22- 

If  it  is  further  assumed  that  the  transport  within  the  drift  region  is 
general  expression  for  the  small-signal  drain  voltage  is: 


as:  hfs=- 
Ohmic,  the 


Ps  y  PS  ^d  Pso  ■'■do  Pso  ^-d^ 
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Pso  -'Ido  0  so  0  ^d 
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where:  =  X2jQ/4Dn  is  the  transit  time  into  the  conductivity  modulated  region,  Ij  is  the 
drain  current,  ps  is  the  hole  density  at  the  source,  W  is  the  epilayer  thickness  o  is  the 
epilayer  conductivity,  the  tilde  indicates  small-signal  quantities. 

It  is  worth  to  point  out  that  the  transport  regime  of  the  drift  region  does  affect  the 
low-frequency  value  of  hjs  but  it  doesn't  change  its  cutoff  frequency. 

The  current  at  the  input  source-gate  diode,  has  been  derived  by  taking  into  account  the 
effects  of  transit  time  between  source  and  gate,  the  recombination  within  the  epilayer, 
including  the  effects  of  the  floating  boundary,  Xj.  The  recombination  currents  at  the  source 
and  gate  layers  have  been  modeled  by  means  of  the  recombination  factors: 
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Fig. 2  -  The  p  n  n  structure  and  the  minority-carrier  distribution  across  the  epilayer 
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as  “  SsAs/Nd  ;  ctg  *  SgAg/Njj  (4) 

where:  As  (A„)  are  the  source  (gate)  areas,  Ss  (Sg)  are  the  source  (gate)  recombination 
velocities,  that  are  functions  of  the  minority-carrier  transport  properties  of  these  high- 
doped  layers.  It  is  assumed  that  the  impedance  associated  with  the  transport  within  these 
layers  enters  into  the  model  at  frequencies  much  higher  than  those  of  interest  in  the  present 
analysis.  r 

With  these  assumptions  ,the  gate  current  at  the  source  interface  is: 
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where:  x  is  the  epilayer  minority  carrier  lifetime,  xD  is  the  diode  transit  time 

From  Eq.3,  Z22  is  obtained  as  the  ratio  9d/Id  with  ps=0.  The  latter  condition  is  in  fact 
equivalent  to:  Ig=0.  Similarly,  if  Id  is  set  to  zero,  in  Eq.3,  and  the  ratio  of  Eq.l  to  Eq.3 
is  taken,  the  transfer  impedance,  Z2^  is  obtained. 

The  general  expression  for  hfs  can  be  written  as: 

(1  +  ju i/u2)  (1  +  joi/u)zd) 

^fs  ~  hfo  ~ “  '  '  ™  - —  (6) 

(1  +  jw/u0)  (1  +  ju/u^j)  (1  +  joi/u^j) 


where:  hfQ 


2  V-j  o  Ad 


r  Ad  xlo 

nd  w  [ - +  2  PSO(as  +  ag)J 


(7) 


1  W“s  +  ag) 
“o  =  -  +  - — 

x  n  T1  , 


<1  Dn  A2d 


(8) 


The  other  zeroes  and  poles  lie  far  above  u)Q  over  a  wide  range  of  device  parameters , thus 
allowing  to  simplify  hfs  as: 


Fig. 3  -  Field  (solid  lines)  and  hole  (dashed)  distributions  for  constant  drain  current 
(left)  and  for  constant  gate  current  (right)  between  source  and  drain. 
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(1  +  jiu/o)  ) 


From  Eq.8,  it  turns  out  that  a  plot  of  ui0  vs.  Ido  is  a  straight  line  whose  intercept 
with  the  u  axis  equal  to  1/x  and  a  slope: 


as  +  ag 

q  Dn  A2d 


(10) 


is  proportional  to  the  recombination  velocities  of  the  Source  and  Gate  layers.  Fig. 4  displays 
the  experimental  determination  of  these  quantities,  by  using  the  method  outlined  above. 

The  Base  layer  is  n-type  epitaxial,  2  10*A  cm"-*  doped.  The  measured  lifetime  is  2.2  Msec. 

The  separation  of  the  two  components  of  the  recombination  term,  can  be  carried  out  by 
measuring  independently  the  Source  recombination  velocity,  by  using  the  method  reported  in 
Ref.l.  From  Fig. 4,  the  recombination  velocities  are:  Sg  =  3  cm/sec,  Sq  =  2.2  cm/sec. 

By  a  proper  design  of  the  test  structure,  namely  by  making  either  the  source  or  the  gate 
area  much  larger  than  the  other,  one  of  the  recombination  terms  can  be  made  to  dominate  over 
the  other,  thus  improving  the  accuracy  of  the  measurement. 
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d.c.  Drain  Current  (mA) 


Fig. 4  -  The  experimental  determination  of  minority  carrier  lifetime  and  of  gate  recombi¬ 
nation  velocitv. 
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Resume  -  On  presente  le  projet  d’une  nouvelle  classe  de  transistors  i  effet  de  champ  &  jonction 
JFETs,  conjue  pour  ('integration  sur  le  wafer  i  haute  resistivite  d’un  detecteur  de  radiation 
completement  en  depletion,  et  les  resultats  explrimenteaux  obtenus.  Ces  dispositifs  vont  rendre 
possible  I’integration  d’un  preamplificateur  &  faible  bruit  directement  sur  le  detecteur  et  par 
consequent  une  amelioration  de  la  resolution.  Ces  nouveaux  JFETs  ont  ete  projetes  pour  obtenir  un 
gm/Co  de  500  MHz  et  on  a  mesure  pour  eux  un  gm/lQ  de  1/850  mV-1  et  un  pinch-off  de  1.5  V. 

Abstract  -  The  design  and  the  experimental  results  of  a  new  class  of  JFETs,  suitable  for 
integration  on  the  high  resistivity  wafer  of  a  fully  depleted  radiation  detector,  are  presented. 
These  devices  will  make  possible  the  integration  of  a  low  noise  preamplifier  directly  on  the 
detector,  improving  the  achievable  resolution.  The  new  JFET  has  a  measured  gm/l0  of  1/850  mV"1 2,  a 
pinch-off  of  I.5V  and  a  designed  gm/CQ  of  500  MHz. 


1  -  INTRODUCTION 

During  the  last  few  years,  there  has  been  an  increasing  interest  in  the  integration  of  front  end 

electronic  circuits  onto  some  new  type  of  fully  depleted  large  area  detectors  for  position  and  energy 

measurements  of  ionizing  radiation  (Semiconductor  Drift  Chambers,  fully  depleted  CCD,  etc.)  /1 ,4/. 

As  it  is  well  known,  the  signal-to-noise  ratio  for  amplitude  measurements,  as  well  as  the  timing 

resolution,  increases  by  lowering  the  output  capacitance  of  the  detector  and  matching  to  this 

capacitance  (which  includes  stray  capacitances  of  connection  to  the  preamplifier)  the  capacitance  of  the 
input  device  of  the  preamplifier  /5,6/. 

These  detectors  can  be  built  with  a  very  low  output  capacitance  of  the  order  of  tens  of  femtofarad 

practically  independent  of  their  active  area  /7,9/. 

The  energy  and  position  resolution  achievable  with  these  detectors  have  been  limited,  so  far,  by  the 

excessively  high  input  capacitance  of  even  the  best  commercially  available  descrete  field  effect 

transistor. 

To  fully  exploit  the  unique  property  of  very  small  capacitance  of  these  detectors,  it  is  compulsory  to 

build  the  input  preamplifier  on  the  same  chip  of  the  detector.  In  this  way  it  is  possible  to  reduce 

to  negligible  values  the  strays  of  the  connections  and  to  design  an  input  FET  with  a  capacitance 

matched  to  the  detector  one. 

2  -  DESIGN  SPECIFICATIONS  OF  THE  INTEGRATED  JFET 

The  peculiar  characteristics  of  the  detectors  impose  some  design  constraints  to  integrated  JFETs  / 10/  : 

Implementation  on  the  detector  wafer  (high  resistivity,  detector  grade,  n-type  silicon,  2K.ohm.cm, 

<1 1 1>  surface  orientation). 

Implementation  with  the  limited  production  steps  used  for  the  detector.  In  effect  in  order  to 
'  keep  the  leakage  current  low,  only  relatively  low  temperature  (800  C)  processes  in  the  detector 

production  are  allowed,  with  no  diffusions  and  no  polysilicon  process  presently  available, 
requirement  of  operation  on  a  fully  depleted  n-type  substrate, 
surface  connection  of  the  p+  gate  with  the  n+  output  anode  of  the  detector. 
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3  -  STRUCTURE  OF  THE  JFET 

A  schematic  cross  section  of  the  device  is  shown  in  Fig.l.  The  doping  is  obtained  exclusively  by  ion 
implantation.  The  Source  and  Drain  electrodes  are  obtained  with  a  high  dose,  low  energy  Phosphorous 
implant  (5x10*  ^cm'2,  30keV),  while  the  Gate  is  obtained  with  a  high  dose,  low  energy  Boron  implant 
(5xl0*4cm~2,  !2.5keV).  A  deep  Phosphorous  implant  (8.5x10*  •cm"2,  520keV),  centered  at  0.65  um  depth  in 
the  bulk,  forms  the  channel  of  the  FET.  A  deeper  Boron  implant  (1.8x10*  •cm"2,  480keV),  centered  at 
1.03um  depth  in  the  silicon  bulk,  separates  the  n+  channel  from  the  underlying  completely  depleted  bulk. 


Fig.l  -  Schematic  cross  section  of  the  JFET  built  on  high  resistivity  silicon. 

The  fixed  negative  charges  of  the  depleted  Boron  deep  implant  create  an  electric  field  which  enhances 
the  confinement  of  the  electrons  injected  from  the  source  within  the  n+  channel.  Fig.2a  shows  the 
effectiveness  of  the  deep  p+  implant  in  confining  the  electrons  in  the  channel.  Curve  A  represents  the 
case  in  which  the  deep  p*  implant  is  present,  curve  B  the  one  in  which  the  deep  p+  implant  has  been 
omitted.  A  schematic  3D  plot  of  the  electron  potential  energy  in  the  Source  and  Gate  region  of  the 
transistor  is  shown  in  Fig.2b. 

In  order  to  isolate  each  transistor  from  the  others  in  the  integrated  amplifying  circuit  and  from  the 
detector  sensitive  area,  the  device  is  surrounded  by  a  thin  p+  electrode  reverse  biased  with  respect  to 
any  present  n+  electrode.  The  bulk  is  completely  depleted  of  all  mobile  charges  by  a  suitable  high 
negative  bias  voltage  at  the  p+  implant  on  the  back  side  of  the  wafer.  Silicon  nitride  has  been 
deposited  for  passivation  purposes  and  to  allow  the  deposition  of  the  required  aluminium  connections. 


Fig.2  -a)  Potential  in  the  channel  region  with  (curve  A)  and  without  (curve  B)  deep  p+  implant. 
Only  30um  depth  is  shown,  b)  Schematic  3D  plot  of  the  potential  energy  for  electrons  in  the  Source 
and  Gate  region  of  the  JFET,  with  a  negative  bias  applied  to  the  Gate  and  0V  to  the  Drain. 
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The  described  structure  has  been  used  for  JFETs  of  different  geometries.  Some  of  the  geometrical 
parameters  are  the  same  for  nearly  all  the  transistors  designed,  in  particular  the  Gate  length  is  7um, 

the  spacing  between  the  Gate  implant  and  the  Source  and  Drain  implants  are  respectively  4um  and  5um.  The 

Gate  width  ranges  between  lOOum  and  2000um.  Small  transistors  have  a  central  square  Source  completely 
surrounded  by  concentric  gate  and  Drain  electrodes.  Larger  transistors  have  a  comb  structure. 

A  test  wafer  with  JFETs  of  different  geometries  has  been  produced.  Each  transistor  has  ,  as  mentioned 
in  section  2,  an  n+  pad  connected  to  the  gate  simulating  the  anode  of  the  detector  and  used  as  a 

connection  pad  for  bonding  and  testing,  and  n+  source  and  drain  pads  of  suitable  dimensions  for  a  wedge 

bonding,  all  electrically  insulated  by  p+  guards.  Some  n+  additional  pads  have  been  integrated  near  the 
transistor  in  order  to  collect  the  reverse  current  from  the  depleted  bulk. 

4  -  CHARACTERIZATION  OF  THE  JFET 

All  the  produced  test  transistors  have  been  successfully  tested.  The  Iq^^DS  characteristics  of  a 
transistor  having  a  gate  width  of  100  urn  are  shown  in  Fig. 3a  and  the  corresponding  transcharacteristic 
ID'VGS  f°r  vDS=2-5V  is  shown  in  Fig. 3b. 


Fig. 3  -  a)  Characteristics  of  the  JFET  (Hor.  0.5V/div.,  Vert.  50uA/div,  Vgate  200mV/step). 
Vback=-140V,  Vguard=-3.5V.  b)  Related  transcharacteristic  curve  for  Vp<j=2.5V 

The  resulting  pinch-off  voltage  is  Vp=-l.5V.  The  maximum  transconductance  gm,  at  1^=260  uA,  is  0.3  mA/V 
corresponding  to  a  gm/I[)=l/850  mV*'.  The  gate  capacitance  Cq  is  extimated  to  be  of  the  order  of  0.1  pF, 
and  therefore  the  value  of  gm/CG  is  expected  to  be  of  the  order  of  500  MHz.  The  slope  of  the  Iq-V^s 
curve  in  the  saturation  region  corresponds  to  an  output  resistence  of  50  kOhm. 

Note  in  Fig. 3b  that  the  square  law  approximation  of  the  transcharacteristic  fits  very  well  the 
experimental  points.  This  is  due  to  the  fact  that  this  relationship  is  obtained  for  the  simplified 
configuration  of  a  delta  charge  distribution  in  the  channel  ,  which  represents  quite  well  the  deep  n+ 
implantation  of  the  described  JFET. 

Note  that  the  measurements  shown  in  Fig. 3a  and  3b  were  performed  with  n+  contacts  in  proximity  of  the 
JFET  connected  to  ground.  These  contacts  collect  most  of  the  current  from  the  depleted  bulk  and  from  the 
reverse  biased  p+  junctions,  which  otherwise  would  be  collected  by  the  Drain,  giving  a  non  neglegible  Id 
current  in  pinch-off  conditions. 

The  Gate  current  is  the  algebraic  sum  of  different  components,  as  shown  graphically  in  Fig. 4a: 

1 1  -  bulk  current  (electrons  collected  by  the  n+  Gate  pad), 

(2  -  reverse  current  of  the  junction  formed  by  the  p+  Gate  electrode  and  the  n+  channel  (electrons 
emitted  by  the  p+  Gate  electrode), 

13  -  reverse  current  of  the  junction  formed  by  the  n+  Gate  pad  and  the  surrounding  p+  guard  (electrons 

collected  by  the  n+  Gate  pad), 

14  -  current  exchanged  between  the  n+  Gate  pad  and  the  n+  Drain  and  Source  electrodes  and  pads 

(electrons  emitted  by  the  n+  Gate  pad). 

Fig.4b  shows  the  measurement  of  the  Gate  current  as  a  function  of  the  Gate  to  Source  voltage  of  the  JFET 
connected  as  a  diode  with  the  Drain  short  circuited  to  the  Source.  Curve  A  shows  the  case  with  external 
n+  contacts  connected  to  ground  and  p+  guards  reverse  biased  with  respect  to  the  Gate.  Curve  B  shows  the 
case  with  p+  guards  connected  to  ground.  Curve  A  shows  that  in  operating  conditions  for  the  JFET 
(Vdg<^v)  lh«  Gate  current  is  less  than  one  tenth  of  a  nA.  Curve  B  is  presented  in  order  to  show. 
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Fig.4  -  a)  Scheme  of  the  different  current  contributions  to  Igate  to  show  their  signs  and 
origins.  Arrows  and  signs  are  shown  according  the  usual  convention. 

b)  Gate  currents  of  a  diode-connected  FET  (D  and  S  short-circuited)  as  a  function  of  Vdq  under 
different  guard  biases:  curve  A  Vguar(i=-2V;  curve  B  Vguartj-0V.  Guard  potentials  referred  to  the 
Gate. 


in  comparison  with  curve  A,  the  effectiveness  of  a  negative  bias  (with  respect  to  the  Gate)  applied  to 
the  guard  in  screening  the  Gate  n+  pad  from  collecting  the  bulk  current  Ij  and  in  blocking  the  I4 
component.  In  the  case  of  curve  B,  approximatively  1  uA  of  current  is  collected  by  the  n+  Gate  pad, 
while  in  the  case  of  curve  A  most  of  this  current  flows  to  the  external  n+  pads  and  only  the  I2  and  I3 
components  (approximately  one  tenth  of  a  nA)  flow  to  the  Gate  pad. 

In  case  of  curve  A,  the  Gate  current  is  dominated  by  I|  for  Vqq<3V  (  Vjxj<7.5V  for  curve  B),  while  for 
higher  it  is  dominated  by  I4.  These  two  components  have  opposite  sign  and  the  prevailing  of  one  over 

the  second  determines  the  change  in  sign  of  the  overall  Gate  current  shown  in  Fig.4b.  The  components  I2 
and  I3  are  neglegible  in  the  polarization  conditions  presented.  The  low  value  of  the  total  gate  current 
is  surely  not  due  to  a  compensation  effect  of  much  larger  currents  of  opposite  signs  because  of  its 
relatively  slow  variation  in  a  relatively  large  range  of  bias  conditions.  Such  a  low  value  of  the  gate 
current  much  less  than  the  reverse  current  of  the  detector,  will  make  its  shot  noise  contribution 
negligible  with  respect  to  the  one  associated  with  the  detector  leakage  current. 

5  -  CONCLUSIONS 

In  view  of  the  integration  of  a  low  noise  preamplifier  on  the  high  resistivity  fully  depleted  silicon 
wafer  of  a  radiation  detector,  the  required  JFETs  have  been  produced  and  tested.  Due  to  the  operational 
and  technological  constraints  posed  by  the  detector,  a  new  non  conventional  design  of  the  transistors 
has  been  introduced.  The  measured  performances  of  these  JFETs  meet  the  the  design  specification  and  show 
the  possibility  of  an  improved  low  noise  processing  of  the  detector  signal. 

Research  supported  by  the  U.S.  Department  of  Energy  (Contract  No.  DE-AC02-76CH00016)  and  by  the  Italian 
INFN  and  CNR,  Progetto  Finalizzato  MADESS. 
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SELECTIVE  EPITAXY  BASE  FOR  BIPOLAR  TRANSISTORS 
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Un  transistor  dont  la  base  est  prepares  par  epitaxie  selective  a  ete  fabrique  avec  une  largeur  de  base  de 
11 00 A  ct  une  resistance  carree  de  la  base  intrinseque  de  28000/0.  Nous  demontrons  qu'il  est  possible 
d'utiliser  une  largeur  de  base  inferieure  a  1000A  si  les  cycles  thermiques  apres  le  depot  de  la  base  sont 
minimises.  L'utilisation  de  couches  minces  epitaxiees  pour  la  base  intrinseque  permet  d'eviter  les 
difficulty  liees  a  la  formation  des  espaceurs,  en  limitant  la  nucleation  sur  le  silicium  polycristallin  de  la 
base  extrinseque  a  la  peripheric  de  l'emetteur.  L'interface  poly/epi  est  orientee  suivant  un  plan  (111). 

Ccci  conduit  a  une  degradation  des  characteristiques  des  dispositifs  a  cause  de  l'etalement  lateral  de  la 
base  extrinseque  en  dessous  des  espaceurs. 


A  Selective  Epitaxy  Base  Transistor  (SEBT)  is  presented  with  a  basewidth  of  1 100A  and  an  intrinsic 
base  sheet  resistance  of  2800C2/0.  It  is  demonstrated  that  a  sub-lOOOA  basewidth  is  possible  if  the 
temperature-time  cycles  alter  base  deposition  are  minimal.  Using  thin  epitaxial  layers  to  form  the  in¬ 
trinsic  base  avoids  difficulties  in  sidewall  formation  caused  by  nucleations  on  the  extrinsic  base 
polysilicon  at  the  emitter  window  perimeter.  The  poly/epi  interface  was  found  to  be  on  a  ( 1 1 1)  plane. 
This  leads  to  a  degradation  of  the  device  characteristics  due  to  extrinsic  base  encroachment  underneath 
the  sidewall. 


INTRODUCTION 

Advanced  bipolar  technologies  with  a  narrow  implanted  intrinsic  base  have  doping  concentration  profiles  which 
are  determined  by  channeling  and  defect  enhanced  diffusion  during  subsequent  annealing  steps  /!/  and  which 
therefore  limit  scalability.  For  scaled  bipolar  transistors  of  the  future  a  rectangular  profile  is  desired  to  achieve 
both  a  sufficient  collector-emitter  (C-E)  punch-through  voltage  and  a  minimal  base  transit  time.  Unlike  ion  im¬ 
plantation  silicon  epitaxy  does  not  suffer  from  the  above  restrictions  and  abrupt  profiles,  i.e.  a  steep  out-diffusion 
tail,  can  be  achieved.  To  integrate  epitaxial  base  technology  in  advanced  double-poly  self-aligned  structures  /2/, 
the  epitaxial  deposition  process  has  to  be  selective  to  substitute  for  ion-implantation  without  any  additional 
process  steps. 


INTRINSIC  BASE  PERIMETER 

The  Selective  Epitaxy  Base  Transistor  (SEBT)  was  presented  previously  /3/.  The  results  demonstrated  the  device 
quality  of  selective  epitaxial  films,  grown  in  a  conventional  epitaxy  reactor.  In  the  SEBT  structure  the  intrinsic 
base  epitaxial  layer  is  linked-up  directly  to  the  extrinsic  base  polysilicon  which  is  different  from  technologies  using 
implanted  base  layers  (Fig.l).  It  is  preferable  to  grow  the  epitaxial  base  bounded  by  polysilicon  rather  than  oxide 
or  nitride  because  facetting  with  high  defect  density  occurs  at  the  epi/dielectric  boundary  /4,5/.  But  nucleations 
have  been  observed  on  the  polysilicon  (Fig.2),  which  make  emitter-sidewall  formation  difficult,  i.e.  sidewall  etch- 
through  is  possible  if  nucleations  are  too  large.  It  was  demonstrated  that  for  sufficiently  thin  epitaxial  films,  and 
consequently  small  nucleation  sizes,  sidewall  formation  becomes  noncritical  /3/.  For  the  obtained  basewidth  of 
1100A  the  emitter  sidewall  covers  completely  the  nucleations  at  the  polysilicon.  However  it  was  observed  not  to 
be  straight  because  of  a  slightly  higher  thickness  of  the  epitaxial  film  close  to  the  window  boundary  which  is  due 
to  merging  of  the  poly  silicon  and  the  epitaxial  growth  at  the  window  perimeter  (Fig.  3).  The  poly/epi  interface 
was  observed  to  be  on  a  (lll)-plane.  Since  the  boron  diffusion  coefficient  is  essentially  higher  in  polysilicon 
compared  to  epitaxial  silicon,  lateral  encroachment  of  the  extrinsic  base  dopant  to  the  emitter  is  possible  under¬ 
neath  the  sidewall.  The  consequence  is  a  degradation  of  the  current  gain  by  a  reduction  of  the  effective  emitter 
Gummel  number  at  the  emitter  edge  /6/. 
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INTRINSIC  BASE  VERTICAL  PROFILE 

As  mentioned  above,  epitaxial  base  formation  makes  possible  basewidths  in  the  sub-lOOOA  range.  To  achieve  an 
acceptable  punch-through  and  Early  voltage  with  such  a  narrow  base  the  total  base  dopant,  i.e.  the  boron  con¬ 
centration,  has  to  be  sufficiently  high.  A  narrow  more  highly  doped  base  is  more  sensitive  to  the  epitaxy  proc¬ 
essing  conditions  and  the  subsequent  termperature-time  cycles  which  widen  the  basewidth.  To  quantify  the  impact 
of  sidewall  processing  steps  on  profile  broadening  SIMS  measurements  were  performed  before  and  after  emitter 
sidewall  formation  (Fig.4).  The  selective  epitaxial  film  was  deposited  in  an  Applied  Materials  7810  radiantly 
heated  barrel  type  reactor  running  in  reduced  pressure  mode  using  SiCl4  at  900°C  /7/.  To  protect  the  epitaxy 
silicon  surface  from  dry-etching  during  sidewall  formation,  a  300A  buffer  oxide  was  grown  at  800°C  after  epitaxy. 
This  oxidation  is  the  dominant  factor  in  broadening  the  profile  because  of  oxidation  enhanced  boron  diffusion  /8/. 
The  basewidth  was  1 100A  including  sidewall  processing  and  950A  without  emitter  sidewall. 


DEVICE  CHARACTERISTICS  AND  DISCUSSION 

The  Gummel  plot  of  the  SEBT  with  1 100A  basewidth  is  shown  in  Fig.5.  Compared  with  former  results  /3/  similar 
device  performance  was  achieved  also  for  small  emitter  sizes.  This  is  due  to  the  lowered  E-B  leakage  current  by  a 
well  performed  emitter  sidewall.  Current  gains  up  to  24  were  measured.  Such  values  are  still  somewhat  low  for  the 
measured  intrinsic  base  sheet  resistance  of  280012/ □.  It  is  assumed  that  an  encroachment  of  the  highly  doped 
extrinsic  base,  as  described  above,  is  the  the  reason  for  this  reduction.  At  high  currents  the  gain  is  even  more 
degraded  (Fig.6).  In  this  range  base  current  crowding  takes  place,  increasing  the  current  density  near  the  emitter 
perimeter  and  decreasing  the  effective  gain  of  the  transistor. 

Therefore  lateral  extrinsic  base  encroachment  has  to  be  lowered  by  cither  a  wider  sidewall  or  by  modifications  in 
processing.  Since  the  sidewall  width  is  d-  termined  by  the  height  of  the  extrinsic  base  nitride/oxide 'poly  stack, 
encroachment  has  to  be  limited  by  a  reduction  of  the  final  temperature-time  cycles  including  epitaxy  process  itself. 


CONCLUSION 

A  Selective  Epitaxy  Base  Transistor  (SEBT)  was  presented  with  a  basewidth  of  1  lOOA.  Basewidths  below  1000A 
before  emitter  sidewall  formation  were  measured.  The  incorporation  of  an  epitaxial  base  and  appropriate  low 
temperature  processing  will  maintain  a  narrow  base  profile  and  result  in  a  sub-lOOdA  basewidth  in  double-poly 
structures.  E-B  leakage  caused  by  emitter  sidewall  etch-through,  as  seen  in  former  work,  could  be  removed  with 
deposition  of  thinner  epitaxial  films  and  consequently  smaller  nucleation  sizes.  Current  gains  up  to  24  were  found 
which  are  somewhat  small  values  for  the  measured  intrinsic  base  sheet  resistance  of  280012/ □.  An  encroachment 
of  the  extrinsic  base  dopant  to  the  emitter  was  found  to  be  the  reason  for  this  reduction.  It  is  concluded  that  high 
device  performance  can  be  obtained  in  the  SEBT  device  with  a  reduction  of  the  temperature-time  cycles  and  an 
optimized  sidewall. 
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Metal  n-Poly 


Fig.l  Cross-Section  of  the  SEBT. 


Fig.2  SEM  of  emitter  opening 
after  selective  epitaxy. 


CONCENTRATION  (cm' 
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Silicon  (100) 


Fig.3  TEM  cross-section  of  the  emitter  window  after 
epitaxial  base  formation.  Polysilicon  nucleation  occurs 
at  the  perimeter  resulting  in  an  (1 1  l)-interface  with  the 
single-crystalline  layer.  Si  this  region  the  film  thickness 
is  somewhat  higher.  The  epi  thickness  (1600A)  is  es¬ 
sentially  thicker  than  in  device  processing. 


Fig.4  SIMS  measurements  of  the  intrinsic  transistor  profile  without  (left)  and  with  (right) 
temperature-time  cycles  for  emitter  sidewall  formation.  The  basewidths  are  950A  and 
UOOA,  respectively. 


Fig.5  Gummel  plot  of  a  SEBT  with  UOOA  basewidth. 
Current  gain  reduction  results  from  extrinsic  base  im¬ 
purity  encroachment  underneath  the  emitter  sidewall. 
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Resume  -  Un  module  pour  transistor  bipolaire,  qui  tient  compte  des 
variations  des  resistances  de  base  et  de  collecteur  avec  la  tension 
emetteur-base,  la  tension  collecteur-base  et  le  courant  collecteur,  ainsi 
que  la  dependence  en  tension  de  la  charge  de  base  et  le  claquage  par 
avalanche,  est  presente'.  Un  bon  accord  entre  les  simulations  par  ordinateur 
et  experimentations  est  obtenu. 

Abstract  -  A  unified  bipolar  transistor  model,  which  takes  into  account  the 
variation  of  the  base  and  collector  resistances  with  emitter-base  voltage, 
collector-base  voltage  and  collector  current,  as  well  as  the  voltage 
dependence  of  the  base  charge  and  the  avalanche  breakdown,  is  presented. 

The  agreement  between  computer  simulations  and  experiments  is  shown  to  be 
very  good. 

1  -  INTRODUCTION 

High  performance  bipolar  transistors  typically  have  narrow  base  widths  and 
operate  at  high  current  densities.  These  two  effects  tend  to  reduce  the  useful 
operating  region  of  the  transistor  since  punch-through  and  avalanche  effects 
reduce  the  maximum  voltage,  and  saturation  and  ohmic  quasi-saturation  effects 
increase  the  minimum  voltage  limit  for  high  current  operation.  Also,  the  base 
resistance  varies  with  operating  voltage  and  current  which  affects  the  device 
performance. 

Accurate  and  physical  transistor  models  are  required  in  order  to  properly 
predict  the  device  performance.  A  unified  model  which  takes  into  account  the 
base  punch-through  and  avalanche  breakdowns  [1],  as  well  as  the  base  and 
collector  conductivity  modulation  is  presented. 

2  -  ASSUMPTIONS 

The  modeling  of  the  voltage  and  current  dependence  of  the  base  and  collector 
resistances  is  based  on  the  solution  of  the  carrier  distribution  within  the 
base  and  collector  regions. 

For  an  NPN  transistor,  with  the  doping  profile  shown  in  Fig.  la,  it  is  assumed 
that  when  in  saturation,  the  electrons  injected  from  the  forward  biased  base- 
emitter  junction  will  spread  into  the  collector  region  (Fig.  1c) .  The  base- 
collector  space  charge  layer  will  then  effectively  disappear,  and  due  to 
charge  neutrality  in  the  collector  region,  the  hole  concentration  (p(x))  may 
be  solved  from  the  knowledge  of  the  electron  distribution  (n(x))  and  the 
epitaxial  collector  doping  n(x) =p(x) +Ngpj . 

The  base  and  collector  conductivity  modulation  is  then  solved  from  n(x)  within 
the  transistor.  Some  workers  have  solved  for  the  collector  conductivity 
modulation  through  a  solution  of  p(x)  (holes)  as  a  function  of  the  base- 
collector  voltage  (Vfac)  [2-5]  but  this  neglects  the  effect  of  the  base-emitter 
voltage  (Vb_)  and  the  fact  that  the  solution  of  p(x)  is  difficult  [5]  due  to 
the  uncertainty  in  defining  the  exact  point  of  hole  injection  in  the  collector 
under  high  level  injection  (HLI) .  An  other  advantage  in  considering  n(x)  is 
that  the  base  conductivity  modulation  is  solved  automatically  (unified  model). 
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Figure  X  -  Details  of  the  emitter,  base  and  epitaxial  collector  regions,  a) 
typical  doping  profile.  Carrier  distribution  in  the  normal  mode  (b)  and  in 
saturation  (c) . 


3  -  CARRIER  DISTRIBUTION 

For  a  reverse  biased  base-collector  junction  (Fig.  lb) ,  the  collector  current 
may  be  computed  by  assuming  negligible  drift  current: 

Ic  =  K  q  Ae  pn  Vt  dn/dx  =  K  q  Ae  Vfc  np(0)/Wb  (1) 

where  q  is  the  electronic  charge,  Ae  is  the  effective  emitter  area,  /in  is  the 
average  electron  mobility,  is  the  thermal  voltage  (kT/q) ,  wfa  is  the  neutral 
base  width,  K  is  unity  under  low  level  injection  (LLI)  conditions  and  K  is 
2  in  HLI  (since  Ic  is  made  up  of  equal  drift  and  diffusion  components) .  n  (0) 
is  the  injected  electron  density  in  the  base  at  the  emitter-base  space  charge 
layer  edge  (Fig.  1) .  It  is  defined  as,  for  LLI  and  HLI  conditions: 

np ( 0)  =  (  [(ni2/Nao)  exp(Vbe/Vt) ]_1  +  [ni  exp  (Vbe/2Vt)]_1  )_1  (2) 

where  n;  is  the  intrinsic  carrier  concentration,  Nao  is  the  effective  doping 
level  at  the  emitter-base  scl  edge  (Fig.  la)  and  is  obtained  from  CV 
measurements  or  from  device  simulations. 

In  the  saturation  mode  of  operation,  the  base-collector  junction  no  longer  acts 
like  a  sink  for  the  electrons,  and  free  carriers  will  extend  from  the  base  into 
the  collection  region.  The  electron  distribution  may  be  solved  from  Ic: 

Ic  =  [1  +  (np(Wb)/(np(Wb)+Nhli) )]  q  Ae  pn  Vt  dn/dx  (3) 

The  term  in  square  brackets  takes  into  account  the  gradual  transition  between 
LLI  and  HLI  (K  above).  is  the  effective  doping  level  at  which  HLI  begins, 

nD(Wb)  is  the  electron  carrier  density  at  the  base-collector  junction  equal  to 
(£n<V+Nepi)- 

The  electron  distribution  is 


n (x)  =  np (0)  -  (dn/dx)  (x)  (4) 

where 

dn/dx=  Ic/([1  +  (np(Wb)/(np(Wb)+NhU)  ))  (q  Ae  Vt)  |  (5) 

4  -  COLLECTOR  RESISTANCE 

The  width  of  the  collector  region  over  which  the  conductivity  is  modulated  by 
free  carriers  is  defined  as  xQ,  as  shown  in  Fig.  Ic.  It  is  defined  as: 


x 


o 


(np(0)  -  Nepi)/(dn/dx> 


(6) 
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The  conductivity  modulated  collector  resistance  (Rcm)  is 

Rcm  =  ^e'  A*nc  Rcm)  )  +  t  ^epi” (xo-wb))/ (3  ^e'  hnc  Nepi)  J  (7) 

where  Ag'  is  the  emitter  area  modified  to  include  lateral  current  spreading 
within  the  collector  region  [6]  and  /unc  is  the  field  dependent  electron 
mobility  [5].  Nc_  is  the  average  concentration  over  the  modulated  region  of 
width  xQ,  computed  using  (4)  above  with  x=(Wb+(xQ/2) ) . 

The  voltage  dependence  of  Rc  is  evaluated  by  assuming  a  one-sided  abrupt 
junction 

Rc  =  Rcm  <<wepi-wscl>/wscl>  +  Rcext  W 

where  Wscl  is  computed  from  integration  of  Poisson's  equation  and  from  the 
knowledge  of  Nepi,  (Wscl<We pi)  and  Rcext  is  the  current  and  voltage  independent 
resistance. 

5  -  BASE  RESISTANCE 

The  base  resistance  is  inversely  proportional  to  the  base  conductivity  and  to 
the  base  width.  HLI  and  base  widening  effects  will  therefore  reduce  the  base 
resistance.  For  a  given  increase  in  base  carrier  concentration  (proportional 
to  an  increase  in  base  conductivity)  defined  as  Nbm,  and  a  given  increase  in 
base  width,  defined  as  Wk,  the  resulting  reduction  in  base  resistance  is 

Rbbi  =  Rbbio  <Navg/ (Navg+Nbm>  > (wb/ <wb+wk> >  <»> 

where  Rbbio  *s  the  low  current  intrinsic  base  resistance  and  Navq  is  the 
average  base  doping.  (9)  may  be  expanded  to  include  the  base  widening  due  to 
saturation  effects  and  Kirk  effect,  and  conductivity  modulation  due  to  HLI  and 
Early  effect  (variation  of  Qbc  in  Fig  la).  This  is  discussed  in  detail  in  [7). 

6  -  BREAKDQWN_AND  CROWPING  EFFECTS 

The  avalanche  and  base  punch-through  breakdown  effects  are  based  on  the  work 
published  in  [1].  Crowding  effects  are  included  by  using  distributed 
equivalent  circuits. 

7  -  MODEL  PARAMETERS  AND  EXPERIMENTAL  EVALUATION 

Most  of  the  model  parameters  may  be  obtained  from  measurements  (sheet  doping 
profile,  sheet  resistances,  CV,  etc.)  or  from  device  simulations.  Nbj:  may  be 
estimated  as  half  the  collector  doping  (Nep^)  [2].  For  devices  witn  lightly 
doped  bases,  HLI  will  occur  first  in  the  base  and  the  value  of  Nbn  will  tend 
to  the  average  base  doping. 

The  model  has  been  implemented  in  the  WATAND  circuit  simulator  [8],  and  two 
different  bipolar  transistors  displaying  quasi-saturation  effects  have  been 
considered.  As  shown  in  Figures  2  and  3,  the  agreement  between  simulations 
and  experiment  is  very  good.  Figure  4  shows  a  comparison  of  the  simulated 
and  computed  base  resistance  (using  BIPOLE  [9]);  The  reduction  in  intrinsic 
base  resistance  is  properly  simulated.  The  evaluation  of  the  avalanche  and 
base  punch-through  breakdown  model  has  been  carried  out  in  [1]. 


8  -  CONCLUSIONS 

A  physical  model  for  the  variation  of  the  base  and  collector  resistances  of 
bipolar  transistors  with  operating  current,  base-emitter  voltage  and  base- 
collector  voltage,  compatible  with  CAD  programs,  is  presented.  The  model  is 
based  on  the  solution  of  the  electron  distribution  within  the  base  and 
collector  regions  under  LLI,  HLI  or  saturation  conditions.  The  model  has 
been  implemented  in  the  WATAND  circuit  simulator  and  the  agreement  between 
simulations  and  experiment  is  very  good. 
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COLLECTOR -EMITTER  VOLTAGE  (V) 


Figure  2  -  Ic  vs  Vce  of  a  poly 
emitter  transistor.  The  emitter 
area  is  6x41  pm.  Base  current 
values  of  .1,  .3,  .5,  .7  and  .9  mA. 


EMITTER  -  COLLECTOR  VOLTAGE  (V) 


Figure  3  -  Ic  vs  Vce  of  a  PNP  device. 
Transistor  and  measurements  are  from 
[5].  Base  current  values  of  10,  20, 
and  50  pA. 


COLLECTOR  CURRENT  (A) 

figure.. .4  -  Variation  of  the  total  base  resistance  with  current  for  the  poly 
emitter  transistor.  WATAND  simulations  compared  to  BIPOLF;  simulations.  The 
distributed  model  is  used  to  indicate  that  current  crowding  is  not  important. 
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Resume  -  Des  transistors  bipolaires  qui  utilisent  une  couche  de 
polysilicium  doper  de  bore  pour  la  base  intrinsSque  (sur  silicium 
monocristallin)  et  extrinsSque  (sur  oxyde) ,  et  un  emetteur 
polycristallin  doper  de  phosphore,  ont  fete  realises  avec  des  gains  en 
courant  inverses  jusqu'S  10.  Le  processus  de  fabrication  est  base 
sur  la  deposition  normale  de  couches  polycristallines,  suivie  d'une 
recristallisation  qui  d^pent  du  doping. 

Abstract  -  Bipolar  transistors  using  a  boron  doped  polysilicon  layer 
for  the  intrinsic  (on  monocrystalline  silicon)  and  extrinsic  base 
regions  (on  field  oxide) ,  and  a  phosphorous  doped  polysilicon  emitter, 
have  been  realized  with  upward  current  gains  up  to  10.  The  process 
is  based  on  standard  polysilicon  film  deposition  followed  by  doping 
dependent  recrystallization. 


1  -  INTRODUCTION 

Minimized  parasitic  junction  capacitances  of  bipolar  transistors  may  be 
achieved  by  self-alignment  and  by  locating  the  extrinsic  base  region  on 
top  of  a  thick  oxide  layer  [1-4].  The  latter  method,  considered  here, 
typically  requires  high  temperature  epitaxial  film  growth  for  the  base 
formation  [1,2,3]  or  photo-epitaxial  equipment  [4].  The  results  of  such 
methods  ure  similar:  epitaxial  silicon  is  formed  over  the  monocrystalline 
Si  (intrinsic  region)  and  polysilicon  forms  where  there  is  oxide 
(extrinsic  region) . 

In  this  paper,  a  polysilicon  rather  than  epitaxial  base  is  used  in  order 
to  simplify  the  processing  requirements.  Polysilicon  base  devices  (non 
self-aligned  PNP  transistors)  have  been  realized  by  workers  at  IBM  [5] 
using  an  in-situ  doped  arsenic  base,  but  low  current  gains  and  large 
capacitances  have  been  obtained  (rapid  thermal  anneal  (RTA)  was  not 
utilized,  and  the  extrinsic  base  region  was  not  deposited  on  the  field 
oxide) .  NPN  transistors  with  minimized  capacitances  and  recrystallized 
polysilicon  base  have  been  fabricated  using  RTA  techniques.  The 
structure,  referred  to  as  the  PEDESTAL  transistor  from  its  appearance 
(see  Figure  1),  has  been  realized  based  on  the  doping  dependence  of  the 
recrystallization  of  polysilicon  films  [6].  The  recrystallization  is 
performed  prior  to  base  doping  in  order  to  minimize  the  sensitivity  of 
the  base  width  to  processing. 


Figure  l  -  Cross-section  of  an  NPN  PEDESTAL  transistor.  The  base  and 
emitter  are  formed  of  polysilicon.  The  downward  mode  emitter  is  labelled. 
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2  -  PROCESS  DESCRIPTION 

The  devices  have  been  fabricated  using  a  3  frn  thick,  0.5  ohm-cm  N  type 
epitaxial  layer  grown  on  an  N+  <111>  substrate.  After  growth  of  a  0.5 
pm  field  oxide,  the  intrinsic  base  area  is  patterned  by  etching  of  the 
oxide.  The  base,  an  undoped  polysilicon  layer  of  0.5  to  0.6  pun  is 
deposited  at  590°C  using  silane  in  an  LPCVD  reactor.  An  HF  interface 
treatment  (to  remove  any  native  or  chemical  oxide  grown  during  any  RCA 
clean)  is  carried  out  prior  to  poly  deposition. 

Since  undoped  polysilicon  does  not  easily  realign  epitaxially  (even 
after  a  120  seconds  1150°C  heat  treatment)  [6],  but  phosphorus  (Ph) 
doped  poly  films  do  (even  after  a  30  seconds  1100°C  heat  treatment) ,  a 
low  concentration  of  phosphorus  is  introduced  in  the  undoped  poly  layer 
in  order  to  enhance  the  recrystallization  and  epitaxial  realignment 
with  the  substrate.  The  Ph  furnace  deposition  conditions  are  10  minutes 
at  650°C  followed  by  an  80  minute  drive-in  at  900°C  to  redistribute  the 
doping.  It  should  be  noted  that  an  in-situ  Ph  doped  layer  (with 
concentration  of  the  order  of  lxlO16  to  lxlO17  cm'3)  could  also  have 
been  used  (this  was  not  investigated  since  the  gas  flow  meters  used  in 
our  LPCVD  in-situ  doped  reactor  cannot  yield  such  concentrations) .  Rapid 
thermal  anneal  (RTA)  is  used  to  recrystallize  the  poly  film  [6]  and  the 
conditions  are  1150°C  for  40  seconds  in  oxygen. 

The  base  layer  is  then  boron  (B)  doped  (900°C  process)  yielding  a  base 
sheet  resistance  of  approximately  150  ohms/sguare.  An  indication  of  the 
crystalline  nature  of  the  base  layer  is  the  time  required  for  patterning 
similarly  doped  poly  layers  in  KOH.  Typical  poly  films  etch  in  4  minutes 
while  the  base  layer  of  the  PEDESTAL  transistor  required  42  minutes  to 
clear,  indicating  that  the  layer  morphology  has  significantly  been  altered. 
The  combination  of  Ph  doping  and  RTA  is  responsible  for  the  changed  layer 
morphology  since  an  identical  poly  layer  to  the  PEDESTAL  base  deposited  on 
a  patterned  test  wafer,  undoped  when  annealed  at  1150°C  for  120  minutes  in 
02,  cleared  in  only  13  minutes  using  the  same  KOH  solution. 

The  emitter  window  is  defined  through  patterning  of  the  base  oxide  followed 
by  deposition  of  a  0.4  um  thick  in-situ  phosphorus  doped  N+  polysilicon 
film  (deposited  at  SSS^C,  with  20-30  ohms/square) .  After  RTA  for  activation 
of  the  emitter  doping  (40  seconds  at  1050°C  in  nitrogen)  the  contact 
windows  and  metallization  steps  are  performed. 

3  -  EXPERIMENTAL .RESULTS 

Ic~VCe  characteristics  of  a  PEDESTAL  transistor  are  shown  in  Figure  2 
(upward  mode) .  The  device  characteristics  are  adequate  for  I2L  operation: 
BVCEO  of  2.5  volts,  Early  voltage  of  greater  than  13  volts  and  current 
gain  greater  than  5.  The  measured  base  width  of  the  transistor  is 
approximately  0.14  jim,  partly  within  the  polysilicon  and  epitaxial 
regions,  as  obtained  from  groove  and  stain  measurements.  Current  gains 
of  10  have  been  obtained  with  the  trade-off  of  reduced  Early  voltage 
(4  volts) .  The  Gummel  plots  of  a  100x100  /an2  upward  transistor  are  shown 
in  Figure  3.  The  collector  current  shows  ideal  behaviour  and  the  leakage 
current  is  less  than  5/iA/cm.  The  base  current  has  an  ideality  factor 
of  1.62.  In  the  downward  mode  of  operation,  Ic  is  ideal,  with  low  leakage. 
The  collector  saturation  current  (Is)  of  the  transistor  is  near  identical 
for  either  mode  of  'peration,  indicating  a  near  symmetrical  transistor 
(upward  Is  of  0.99  fA  and  downward  1_  of  1.22  fA)  in  terms  of  effective 
emitter  area.  The  base  current  in  tne  downward  mode  is  greater,  with 
ideality  factor  of  the  order  of  2  to  2.6  which  is  typical  of  polysilicon 
diodes  [5,7,8].  The  maximum  downward  current  gain  achieved  is  unity. 

It  has  been  observed  through  measurements  of  devices  with  equal  emitter 
area  but  different  perimeter,  that  the  recombination  is  not  only  a  function 
of  the  poly  characteristics,  but  also  of  the  oxide  films  covering  the  base 
layer  (surface  recombination) .  The  base  oxide  has  been  grown  using  850°c 
steam  oxidation  rather  than  a  higher  temperature  dry  oxygen  process,  and 
the  poor  quality  oxide  which  results  (cracking  observed  using  a  surface 
profiler)  increases  the  surface  recombination.  This  has  been  confirmed 
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through  measurement  of  the  base  ideality  factor  of  poly  emitter 
transistors  with  diffused  bases  in  mono  silicon,  fabricated  using  the  same 
base  oxide:  ideality  factor  of  1.4  rather  than  1.0  is  obtained,  indicating 
that  the  surface  recombination  is  non-negligible  (also,  devices  with  large 
emitter  periphery  to  area  ratios  have  lower  current  gains) . 


COLLECTOR -EMITTER  VOLTAGE  (V) 

Figure  2  -  Ic-Vce  characteristics  in 
the  upward  mode  of  operation.  The 
base  current  values  are  1,  2,  3,  4 
and  5  mA.  100x100  /am2  emitter  device. 


Figure  3  -  Gummel  plots  in  the  upward 
mode  of  a  100x100  /am2  device.  The 
ideality  factors  for  Ic  and  Ib  are  1.0 
and  1.62  respectively. 


Test  wafers  have  also  been  processed  without  RTA  and  Ph  doping  of  the  base 
polysilicon  layer  prior  to  boron  doping.  The  resulting  devices  had  current 
gains  below  unity  and  non-ideal  Gummel  plots  (ideality  factors  for  the  base 
and  collector  current  greater  than  unity) .  The  poor  performance  is 
attributed  to  non-ideal  characteristics  of  the  interface  between  the  base 
layer  and  the  emitter  and  collector  regions  since  boron  doped  poly  does  not 
easily  recrystallize  and  epitaxially  realign  [6],  even  after  the  final  RTA 
used  to  activate  the  emitter  dopant.  Similar  results  have  been  obtained 
for  test  devices  which  received  an  RTA  of  the  boron  doped  poly  prior  to  the 
emitter  deposition. 


4  -  1XPICAL  APPLICATION 

A  typical  application  considered  for  such  a  process  is  Integrated  Injection 
Logic  (I2L).  The  lateral  PNP  device,  required  as  injector,  may  be 
fabricated  by  diffusing  the  base  dopant  into  the  N  type  substrate  rather 
than  into  the  undoped  polysilicon  layer,  as  shown  in  Fig.  4.  This  would 
require  patterning  the  base  polysilicon  prior  to  doping,  such  as  to  expose 
the  collector  and  emitter  regions  of  the  PNP  transistor  (one  extra  non- 
critical  mask,  no  extra  diffusions) .  Improved  speed  is  possible  due  to 
reduced  dimensions  of  the  active  area  and  reduced  injection  in  the 
extrinsic  base  when  compared  to  diffused  technologies  [7].  Since  the  delay 
(due  to  the  device)  is  proportional  to  the  stored  charge,  the  increase  in 
switching  speed  is  proportional  to  the  reduction  in  active  area  of  the 
transistor.  For  a  typical  5  /am  process,  the  reduction  in  active  emitter 
area  (upward  mode)  when  using  the  PEDESTAL  process  is  approximately  5 
times. 
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CONTACT  TO 
P  POLY  BASE 


Figure  4  -  Cross-section  of  a  I2L  cell  compatible  with  the  PEDESTAL 
process. 


5  -  CONCLUSIONS 

Bipolar  transistors  referred  to  as  PEDESTAL  transistors  have  been 
fabricated  using  a  boron  doped  polysilicon  layer  for  the  intrinsic  and 
extrinsic  base  regions.  The  extrinsic  base  is  formed  on  top  of  a  thick 
field  oxide  in  order  to  minimize  the  parasitic  capacitances  and  minimize 
the  effective  upward  emitter  area.  The  downward  emitter  is  formed  using 
an  in-situ  phosphorus  doped  polysilicon  layer.  Current  gains  up  to  10 
and  ideal  collector  current  behaviour  have  been  realized  through 
recrystallization  of  the  polysilicon  base  layer.  This  has  been  achieved 
by  depositing  an  undoped  poly  base  layer  and  doping  the  layer  very  lightly 
with  phosphorus  prior  to  a  rapid  thermal  anneal  (1150°C  for  approximately 
40  seconds)  and  prior  to  boron  doping.  The  PEDESTAL  device  is  an  ideal 
candidate  for  high  speed  low  complexity  I2L  logic. 
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Resume’  -  La  resistance  de  base  et  1 1  impedance  d' entree  a  haute 
frequence  de  transistors  bipolaires  sont  simuldes  en  utilisant  une 
representation  a  trois  dimensions  (3D) .  On  observe  que  la  reduction 
de  la  resistance  de  base  ainsi  que  les  courants  3D  de  transistors 
non-mures  ne  peuvent  &tre  correctement  represent£es  par  des  circuits 
equivalents  standards.  Une  representation  parallSle  du  transistor  est 
proposee  pour  mieux  modeler  les  transistors  non-mures  a  haute 
frequence. 

Abstract  -  The  high  frequency  base  resistance,  input  impedance  and 
current  flows  of  bipolar  transistors  are  simulated  using  a  quasi  three- 
dimensional  (3D)  representation  of  the  device.  It  is  found  that  the 
reduction  in  base  resistance  as  well  as  the  3D  current  flows  of 
non-walled  transistors  cannot  be  properly  simulated  using  standard 
distributed  equivalent  circuits.  A  parallel  connected  equivalent 
circuit  is  proposed  for  improved  high  frequency  modeling  of  non-walled 
devices. 


1  -  INTRODUCTION 

The  base  resistance  (Rbb)  and  input  impedance  of  bipolar  transistors  will 
effectively  reduce  at  high  frequencies  due  to  ac  current  crowding  within 
the  intrinsic  and  extrinsic  regions,  since  the  capacitances  and  resistances 
are  distributed.  In  this  paper,  a  three-dimensional  (3D)  technique 
required  for  the  simulation  of  the  ac  base  resistance  based  on  a  2D 
distributed  network  representation  of  the  layout  of  transistors  [l],  with 
all  the  parasitic  capacitances  added,  is  described.  The  quasi  3D 
simulation  of  the  input  impedance  of  a  poly  emitter  transistor  is  carried 
out  to  demonstrate  the  effect  of  ac  current  crowding.  It  is  also  found 
that  the  standard  distributed  equivalent  circuit  does  not  properly 
represent  the  two  dimensional  current  flow  of  non-walled  transistors;  a 
parallel  equivalent  circuit  is  proposed  as  an  alternative. 

2  -  QUASI  THREE-DIMENSIONAL  SIMULATIONS 

In  order  to  study  the  3D  ac  behaviour  of  a  transistor,  the  2D  distributed 
network  representation  of  the  transistor  layout,  as  used  in  [1],  is 
modified  to  include  the  vertical  capacitive  current:  the  peripheral  (side) 
and  plane  capacitances  of  the  base  and  emitter  diffusions  are  distributed, 
and  the  current  sources  under  the  emitter,  which  represent  the  vertical 
base  current  flow  [1],  are  replaced  by  a  resistance  (R^.  ),  shunted  by  a 
capacitance  (Cw  )  as  per  the  hybrid-V  equivalent  circuit  representation. 
This  is  shown  in  Fig.  1.  Cjr  is  the  parallel  combination  of  the  diffusion 
emitter-base  capacitances  (plane,  cep,  and  sidewall,  ce$) . 
are  the  sidewall  and  plane  collector-base  junction  capacitances 


This  representation  permits  simulation  of  the  input  impedance  and  of  the 
intrinsic  and  extrinsic  base  resistances  (Rj,hi  and  Rbbx,  frc,m  power 
dissipation  considerations,  [l])  at  various  frequencies.  The  operating 
current  is  defined  by  the  value  of  Rw  and  cu  used  in  the  analysis. 


(CD)  and  the 

Ccs  an<*  Ccp 
respectively 


Figure  1  -  2D  layout  representation  [1]  modified  to  take  into  account  the 
vertical  ac  current  flow.  The  component  values  are  indicated  in  the  4 
cross-sections  shown. 

It  is  assumed  that  the  collector  is  an  ac  ground  and  that  dc  current 
crowding  is  negligible.  The  sheet  capacitances,  specified  in  Farads  per 
unit  area,  and  the  sidewall  (edge)  capacitances,  specified  in  Farads  per 
unit  length,  are  represented  by  grounded  capacitors  at  each  node  of  the 
equivalent  circuit,  as  shown  in  the  various  cross-sections  of  Figure  1. 
The  capacitive  values  required  for  the  analysis  may  be  obtained  from 
measurements  or  from  device  simulators,  such  as  BIPOLE  [2],  for  the  bias 
voltage  of  interest. 


3  -  HIGH  FREQUENCY  SIMULATIONS 


The  ac  input  impedance  has  been  simulated  for  a  single  base  contact 
transistor  with  the  characteristics  listed  in  Table  I.  The  transistor 
considered  is  an  oxide  isolated  device  with  a  non-walled  poly  emitter  and 
an  ft  of  3  GHz.  The  resulting  "input  impedance  circle"  [3]  is  shown  in 
Figure  2.  A  semi-circle  if  formed  by  curve-fitting  of  the  low  frequency 
data  points  (as  expected  [3])  and  the  extrapolated  high-frequency 
intercept  (1400  ohms)  yields  exactly  the  low-frequency  base  resistance. 


REAL  INPUT  IMPEDANCE  (ohms) 


Figure  2  -  Input  impedance  of  a  non-walled  poly  emitter  bipolar  transistor. 
Half  of  the  layout  view  shown  in  Fig.  1  was  simulated. 
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Table  I  -  Poly  emitter  transistor  characteristics 


Parameter 

Value 

Units 

Emitter  area 

2x2 

Base  area 

4X7 

Ext.  sheet  res. 

548 

ohms/square 

Int.  sheet  res. 

3020 

ohms/square 

amps/;um2 

Current  density 

151  S 

£ 

ces 

1.28x10s 

1.40X10'14 

7.77X10-16 

2.75x10"^ 

1.75X10-17 

ohms/um2 

F/;um2 

F/fim 

C 

pCS 

^cp 

F//am 

F//um2 

The  divergence  of  the  input  impedance  from  the  semi-circle  at  very  high 
freguencies  is  a  result  of  ac  current  crowding  which  effectively  reduces 
the  base  resistance.  Both  Rbbi  and  Rbbx  are  observed  to  reduce,  and  the 
reduction  in  Rbbi  is  greater  than  that  of  Rbbx  due  to  the  larger 
capacitance  in  the  intrinsic  region. 

4  -  EQUIVALENT  CIRCUITS 

The  variation  of  the  input  impedance  of  non-walled  emitter  transistors 
cannot  be  properly  simulated  using  a  standard  distributed  equivalent 
circuit  (as  shown  in  Figure  3)  due  to  the  multi-dimensional  current  flows. 
To  illustrate  this,  the  surface  potential  over  the  emitter  of  walled 
(Fig.  4)  and  non-walled  (Fig. 5)  devices  have  been  computed  using  the  quasi 
3D  technique  described  above.  The  base  current  flow  in  the  walled  device 
is  clearly  one-dimensional  (from  a  layout  view)  and  the  equivalent  circuit 
of  Fig.  3  may  be  used  to  accurately  model  the  variation  of  the  input 
impedance  with  bias  or  frequency.  In  the  case  of  the  non-walled  structure, 
since  the  base  current  flows  around  the  emitter,  current  crowding  first 
occurs  at  the  emitter  edge  which  is  farthest  away  from  the  base  contact. 
Also,  the  emitter-base  voltage  at  the  emitter  periphery  will  vary  with 
current  which  results  in  2D  variations  of  the  emitter-base  capacitance 
This  does  not  occur  when  the  device  is  walled  since  the  base  current  is 
one-dimensional  in  the  layout  plane. 


Figure  3  -  Standard  distributed  equivalent  circuit  showing  the  plane  and 
sidewall  capacitances.  5  intrinsic  and  2  extrinsic  sections  are  shown. 
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base  contact  bipolar  transistor.  emitter  single  base  contact  device 

In  order  to  better  represent  the  distribution  of  the  emitter-base  voltage 
over  the  emitter  surface  and  the  3D  currents,  the  parallel  distributed 
circuit  of  Fig.  6  is  used.  Each  of  the  three  transistors  shown  (device  "A" 
represents  the  quadrant  near  the  base  contact,  device  "C"  represents  the 
quadrant  farthest  away  from  the  base  contact  and  device  "B"  represents  the 
remaining  two  quadrants)  may  be  represented  by  the  distributed  equivalent 
circuit  of  Fig.  3.  RbA,  Rbp  and  Rbc  are  the  extrinsic  resistances  along  the 
paths  shown  in  Fig.  6a.  These  are  computed  using  a  2D  simulator  [1]  with 
the  following  requirements:  RbA  is  the  minimum  value  of  Rbbx  (when  most 
of  the  current  flows  in  quadrant  "A")  and  the  sum  of  Rb.,  RbB  and  Rbc  is 
equal  to  the  total  extrinsic  base  resistance  computed  at  low  currents  and 
low  frequencies  [1]. 


C 


EiflVire  6  -  Parallel  equivalent  circuit  of  non-walled  emitter  transistor, 
a)  layout  view  showing  the  base  current  paths,  b)  equivalent  circuit. 

The  four  emitter  quadrants  are  assumed  to  carry  equal  currents.  The  area 
of  the  MB"  transistor  is  twice  that  of  the  "A"  and  "C"  devices. 
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I  -  INTRODUCTION 

In  recent  years,  hetero junction  bipolar 
transistors  (HBT's)  have  attracted  much  attention 
because  it  is  possible  to  get  a  high  current  gain 
with  heavily  base  doping.  Furthermore, 
hetero junction  structures  mainly  employing  the 
conventional  silicon  technology  are  particularly 
attractive,  especially  hydrogenated  amorphous 
silicon/single'  crystalline  silicon  (a-Si:H/c-Si) 
hetero junctions  |l  -4|.  The  use  of  n-doped  a-Si:H/p- 
doped  c-Si  as  emitter-base  junction  of  a  HBT  allows 
to  create  an  extra  barrier  to  holes  that  minimizes 
the  minority  carrier  injection  in  the  emitter  and 
thus  allows  to  get  a  high  current  gain  bipolar 
transistor  in  silicon  technology.  This  paper  is 
devoted  to  the  study  of  the  electrical  behaviour  of 
a  n-doped  a-Si:H  emitter  HBT,  to  the  understanding 
and  the  modelling  of  the  electrical  mechanisms  in 
order  to  improve  the  features  of  these  devices. 
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Fig.  1  :  Crosssection  of  the  structure 


II  -  FABRICATION  OF  THE  DEVICES 

The  bipolar  transistors  are  fabricated  on  an 
epitaxial  substrate  as  follows.  The  n4-doped 
substrate  constitutes  the  collector  layer.  The  base 
is  fabricated  from  ion  implantation  of  boron  in  the 
n“-epilayer.  The  emitter  is  made  of  a-Si:H  deposited 
on  the  base  layer  from  a  silane  decomposition  at  low 
temperature  (250-275*0  with  PH3  as  doping  gas  (glow 
discharge  technique).  The  a-Si:H  layer  is  very  thin 
in  order  to  minimize  the  series  resistance  of  the 
emitter  and  is  50  nm  thick.  Following  this 

deposition,  an  emitter  contact  is  made  of  chromium 
that  plays  the  role  of  a  diffusion  barrier  to  the 
aluminum  atoms  of  the  contact  overlayer  (fig.l).  The 
choice  of  a  chromium  layer  instead  of  titane  layer 
is  due  to  a  better  ohmic  contact  obtained  with  this 
element  after  checking  the  contact  resistance  on 
test  structures  (chromium  or  titane  and  a-Si:H 
layers  deposited  on  glass  substrates  and  n*  dege¬ 
nerated  silicon  substrates).  The  finished  devices 
are  annealed  in  forming  gas  at  low  temperature 
temperature  (250*0  ligthly  lover  than  the  a-Si:H 
deposition  temperature.  This  annealing  step  improves 
the  electrical  characteristics  of  the  transistor 


possibly  because  the  aluminum  contacts  on  silico 
and  chromium  are  improved.  The  emitter  area  varie 
in  the  range  60-3500  um2.  Figure  2  shows  a  fina 
structure. 


Fig.  2  :  Photograph  of  the  final  transistor 
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III  -  DEVICE  CHARACTERISTICS 

The  electrical  behaviour  of  the  devices  is 
deduced  from  the  electrical  characteristics. 


Fig.  3  :  IC(VCE'  1 characteristics  -  1^=  2  mA/div 
5 uA/div  VCES 2  V/div  10 steps  of 

Figure  3  shows  the  variation  of  the  collector 
current  versus  collector  emitter  voltage  with  base 
current  as  parameter.  In  this  case,  the  dynamic 
current  gain  equals  to  800,  but  depending  on  the 
Gunnel  number  of  the  base,  Gg,  and  the  quality  of 
the  amorphous  layer,  more  especially  the 
conductivity,  this  current  gain  varies  in  the  range 
80-1200. 


rig.  4  :  Dynamic  current  gain  versus  collector 
current . 


Figure  A  shows  the  variation  of  the  dynamic  current 
gain  versus  collector  current  for  two  types  of 
amorphous  silicon  layers.  In  the  case  of  curve  a), 
the  saturation  of  the  current  gain  is  not  observed 
and  furthermore  the  law  6  proportionnal  to  1^1/2  j0 
verified.  Therefore,  the  current  appears  to  be 
strongly  infuenced  by  the  recombination  phenomenon 
in  the  space  charge  layer  of  the  emitter-base 
junction.  Curve  b)  corresponds  to  a  poor 
conductivity  ( 10“4  Ohm“^cm*M  of  the  a-Si:H  layer  ; 
the  doping  of  the  emitter  is  low  enough  to  limit  the 
maximum  current  gain. 
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Fig.  5  :  Dt jc.imic  current  gain  versus  Gummel  number 


Figure  5  provides  the  current  gain  results  versus 
the  Gummel  number  of  the  base  deduced  from  the  ion 
implantation  dose.  The  law  B  proportionnal  to  1  /Cg 
is  approximately  verified. 
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Fig.  6  :  Comptar i son  of  the  static  and  Jynamir-  current 
gain  versus  collector  current. 
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A  comparison  between  static  and  dynamic  current 
gains  versus  collector  current  ia  given  on  figure  6. 
The  difference  can  be  easily  explained  by  the 
variation  of  the  total  current  gain  versus  the 
current  density  (Fig.  4).  Figure  7  shows  the  total 
emitter-base  junction  current  versus  the  base- 
emitter  bias  when  collector-base  junction  is 
shortened  (V^g*0).  Because  the  slope  equals  1/Vj, 
the  collector  current  law  is  well  described  by  the 
diffusion  model  in  a  three  or  four  orders  of 


EMITTER-BASE  VOLTAGE  Veb(V) 

Fig.  7  :  Total  cmi tter-baso  junction  current  versus 
base-emitter  voltage  when  collector-base 
junction  is  shortened. 

magnitude.  At  high  level,  the  conduction  is  governed 
by  the  series  resistance  of  the  emitter  layer  ;  at 
low  level,  a  leakage  current  occurs.  Photograph  on 
figure  8  shows  the  experimental  base-emitter 
characteristics.  The  reverse  breakdown  voltage  of 
the  emitter-base  junction  is  close  to  7V,  similar  to 
its  monocrystalline  conterpart .This  can  be  explained 


Tig.  :  8  :  Photograph  of  the  base-emitter  characte 
ristics.  2  V/fiiv 


from  C(V)  measurements.  Because  the  doping  profile 
of  the  base  is  directly  deduced  by  tracing  1/C^ 
versus  V,  the  space  charge  layer  of  the 
hetero junction  mainly  extends  in  the  monocrystalline 
region.  Therefore,  the  breakdown  voltage  depends 
mainly  of  the  doping  profile  of  the  base  as  in 
heavily  doped  monocrystalline  emitter  bipolar 
tansistor.  On  the  other  hand,  we  may  predict  that 
the  volumic  recombination  mainly  occurs  on  the  base 
side  of  the  space  charge  layer  of  the  junction. 

TV  -  mo  r>c 

We  propose  a  modelling  of  the  collector  current 
versus  the  base  emitter  voltage  (fig.  8,  simulated 
curve)  and  of  the  current  gain  versus  the  collector 
current  taking  into  account  the  following  parame¬ 
ters  : 

-  surface  recombination  rate  at  the  a-Si:H/c-Si 
interface  (fig.  9) 


CURRENT  DENSITY  Jn(A/cm2) 

Fig.  :  ')  Si  mu l at  «’«f  current  gain  v>  rst:r.  et)]  h-i-t  ,»i  ,  ur 

rent  with  surface  reeomhi nat ion  rat,'  ,r.  pa  ra- 
mc'ter 

-  carrier  lifetime  in  the  space  charge  layer  of  the 
hetero junction  (fig.  10) 

-  minority  carrier  density  in  the  a-Si:U  emitter 

(fig.  ID 

-  series  resistance  of  the  n-doped  a-Si:M  layer 

-  access  resistance  of  the  extrinsic  base 

-  crowding  effect  in  the  case  of  large  emitter 
areas . 

V  -  DISCUSSION 

The  comparison  between  the  modelled  curves  and  the 
experimental  results  allows  the  following 
interpretations  : 

-  for  values  as  high  as  1000,  the  current  gain  ia 
not  limited  by  the  interface  recombination  rate. 
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1C-6  10-4  10-2  l  102  lO1* 

CURRENT  DENSITY  Jn(A/cm2) 

Fig.  10  :  Simulated  current  gain  versus  collector  cur¬ 
rent  with  carrier  lifetime  in  the  space  char¬ 
ge  layer  as  parameter 

that  means  that  the  a-Si:H  acts  as  a  pasaivant  layer 
for  the  c-Si  surface.  In  a  contrary  case,  the 
current  gain  would  saturate  at  low  level 

-  the  minority  carrier  density  in  the  a-Si:H  is  low 
enough  to  permit  a  high  current  gain  even  when  the 
n-doped  a-Si:H  conductivity  is  as  low  as 
IO“4Ohnr  1cnTl;  thus,  the  extra  barrier  for  the  hole 
deduced  from  the  energy  band  diagram  is  effective 
and  close  to  0.4  eV 

-  the  current  gain  essentially  depends  on  the 
recombination  in  the  space  charge  layer  of  the 
emitter-base  hetero  junction  because  the  Ic^2 
variation  law  of  6 


10~6  1CT4  10“2  1  102  104 

CURRENT  DENSITY  Jn(A/cm2) 


rig.  11  :  Simulated  current  gain  versus  collector 
current  with  minority  carrier  density  in 
a-Si:ll  as  parameter . 


-  the  emitter  electron  current  density  injected  in 
the  base  is  governed  by  the  diffusion  process  (the 
ideality  factor  equals  1) 

-  at  high  level  of  the  current  density,  we  have  to 
take  into  account  of  the  emitter  series  resistance 
which  is  strongly  function  of  the  a-Si:H  deposition 
conditions. 


References  : 

|l|  0.  BONNAUD.P.  VIKTOROV ITCH,  I  EE  Proceedings, 

vo 1. 132,  Part  I,  n*l,  Feb.  1985 

| 2 |  R.  MERTENS,  J.  NIJS,  J.  SYMONS,  K.  BAERT, 
ESSDERC  87,  BOLOGNE  (It.),  Sept.  1987 
f  3 1  H.  FUJIOKA,  S.  RI,K.  TAKASAKI,  K.  FUJINO,  Y . 
BAN,  I EDM  1987,  pp  190-93 

1 4 1  J.  SYMONS,  M.  C1IANNAM,  A.  NEUCROSHEL,  J.  NIJS, 
R.  MERTENS,  Solid  State  Elec.,  vol.30,  n°  1 1  ,  Dec. 
1987,  pp  1143-45 


This  work  is  partially  supported  by  CCIS  CNRS 
France.  The  authors  thank  M.  MORIN,  J.L.  FAVENNEC 
and  Y.  CHOUAN  with  CNET  LANNION  for  a-Si:H 
deposition,  and  wish  to  thank  all  the  team  working 
in  Technology  Laboratory  of  C.C.M.0.  (Centre  Common 
de  Micros iectronique  de  i'Ouest). 


JOURNAL  DE  PHYSIQUE 

Collogue  C4,  supplement  au  n*9,  Tome  49,  septembre  1988 


C4-387 


MAXIMUM  OPERATING  VOLTAGE  LIMITATIONS  DUE  TO  PARASITIC  BIPOLAR  ACTION  IN 
VLSI  CMOS 


D.  TAKACS  and  M.  STEGER 

Siemens  AG,  Corporate  Research  and  Development,  Microelectronics, 
Otto-Hahn-Rlng  6,  D-800CT  Miinchen  83,  F.R.G. 


Abst.raot.-The  influence  of  the  PBTA  (Parasitic  Bipolar  Transistor  Action) 
induced  by  impact  ionization  on  the  maximum  operating  voltages  as  well  as 
on  the  isolation  performance  in  VLSI  CMOS  structures  was  investigated 
using  the  sensitivity  of  the  nMOS-  and  bipolar-parameters  to  the 
operating  voltages. Strong  coupling  between  the  MOS-  and  bipolar-currents 
exists  due  to  the  potential  drop  caused  by  the  impact  ionization  currents 
of  the  nMOSFET.The  base  currents  of  the  bipolar  transistors  reduce  the 
measurable  substrate  current. The  maximum  operating  voltage  in  CMOS  is 
limited  by  the  impact  ionization  induced  PBTA. The  isolation  performance 
is  reduced  by  the  collector  current  of  the  vertical  transistor. 

1.  INTRODUCTION 

The  driving  force  to  reduce  dimensions  in  VLSI  is  to  increase  the  speed  and 
the  packing  density  of  the  circuits.  The  main  difficulty  in  scaling  down  CMOS 
designs  in  the  future  will  be  the  reduction  of  the  effective  channel  length 
L.«  of  the  MOSFETs  and  the  n~/p~  isolation  spacing  between  them.  By  reducing 
L»*c,  the  breakdown  properties  of  the  MOS  transistors  are  affected.  Reducing 
the  n~/p~  spacing  will  affect  the  electrical  separation  between  the  n-  and  p- 
MOSFETs . 

When  scaling  down  to  submicron  levels  at  constant  operating  voltages,  the 
electric  field  in  the  channel  and  the  related  impact  ionization  rates  increase 
rapidly.  The  potential  drop  AV»B  produced  by  the  impact  ionization  currents 
in  the  electrical  substrate  of  the  nMOSFET  gives  rise  to  Parasitic  Bipolar 
Transistor  Action  (PBTA).  The  resulting  bipolar  current  is  an  injection 
current.  It  increases  exponentially  with  AV»B  (“l  decade/60  mV).  The  PBTA 
leads  to  interactions  between  the  currents  of  the  n-  and  p-channel  areas  that 
can  be  enhanced  by  the  positive  feedback  of  the  npn  aad  pnp  bipolar 
transistors  in  CMOS. 

Although  potential  drops  AV««  below  0.6V  will  only  lead  to  relatively  low 
bipolar  currents,  they  can  significantly  influence  the  MOS  currents  and  the 
isolation  between  the  well  and  the  substrate. The  MOSFET  parameters  are 

affected  by  the  impact  ionization  dependent  change  of  the  back  gate  bias 
VB*  and  by  the  bipolar  current  I*  injected  from  the  source  of  the  nMOSFET.The 
isolation  performance  is  then  affected  by  the  collector  current  of  the  npn 
trans< ««tors.The  result  is  a  limited  operating  voltage  and  a  reduced  isolation 
performance . 

The  purpose  of  this  work  war  to  investigate  the  influence  of  the  impact 
ionization  induced  PBTA  on  the  maximum  operating  voltage  of  the  nMOSFETs  and 
on  the  isolation  performance  in  CMOS . Experiments  were  carried  out  on  samples 
fabricated  in  p-well  based  twin-tub  CMOS  processes  with  l.Oum  to  1.5um  feature 
sizes  and  gate  oxide  thicknesses  from  20nm  and  25  run, respectively. 

2.  MAXIMUM  OPERATING  VOLTAGE 

Fig.l  shows  the  cross  sectional  view  of  a  p-well  CMOS  structure  with  the  n- 
channel  MOSFET,  the  parasitic  npn  bipolar  transistors  and  the  current 
generator  I±„„  representing  the  impact  ionization  current.  At  sufficiently 
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large  potential  drop  AVsb  caused  by  I  ion  r  6  lectrons  are  injected  from  the  n~ 
source  into  the  p-well  leading  to  PBTA. Since  the  emitter  efficiency  of  the  n~ 
area  is  very  high, two  effective  npn  parasitic  bipolar  transistors  contribute 
to  the  injection  current.  The  consequences  of  the  PBTA  in  p-well  CMOS  can 
become  increasingly  important  considering  the  voltage  limitations  and  the  hot 
carrier  degradation  of  the  nMOSFETs . 


Fig.lsCross  sectional  view  of  the  test  structure  with  MOSFETs , parasitic 
bipolar  transistors  and  the  current  generator  Iior.. 

The  lateral  npn  transistor  can  cause  the  well  known  drain  induced  barrier 
lowering  (DIBL)  for  short  channel  lengths.lt  represents  a  drain  to  source 
voltage  limitation  for  the  nMOSFET . 

The  vertical  npn  transistor  can  cause: 

*  A  reduction  of  the  isolation  between  p-well  and  n-substrate  due  to  its 
collector  current. 

*  A  reduction  of  the  maximum  operating  voltage  VDd=Vce  for  a  CMOS  relevant 
functional  unit  (to  retain  the  same  current  levels  in  the  well  and  the 
substrate  as  without  PBTA) . 

*  A  reduction  of  the  maximum  operating  voltage  VDs  of  the  nMOSFET  because  of 
an  enhanced  injection  from  the  source.  An  increased  injection  of  electrons 
from  the  source  leads  to  increased  drain  current  due  to  the  attraction  of  the 
injected  electrons  by  the  gate  field.  An  increased  drain  current  leads  to  an 
increased  impact  ionization  and  thus  to  a  positive  feedback. 

The  two  basic  conditions  for  starting  PBTA  are:  the  impact  ionization 
current  Uon  and  a  certain  collector  to  emitter  voltage  VCe=VDd ■  The  current 
lion  is  determined  by  the  operating  point  of  the  nMOSFET  e.g.  Vaa,  VD®  and 
V.a-  Vci  is  the  CMOS  relevant  operating  voltage  VDd.  The  degree  of  the  VD»  and 
VDD  limitations  by  the  PBTA  will  be  demonstrated  by  the  dependences  of  the 
more  important  MOSFET  parameters  on  the  operating  voltages . 


Fig. 2: Influence  of  the  operating  voltages  on  nMOST-and  CMOS- 
pararoters .Fig. 2a: substrate  current  Im», normalized  by  IBn  at  Vcb=Vds=6.4V  vs. 
Vc*.  Fig.2b:the  maximum  operating  voltage  V~.,_„„,«  vs.  Vo*  for  different  V~*. 

The  normalized  substrate  current  of  the  nMOSFET  as  a  function  of  the 
operating  voltage  Vc*=Voe>  for  different  gate  voltages  Vos  at  VDs=6.4V  is 
shown  in  Fig.Ta.  The  normalizing  factor  is  the  substrate  current  at  vc*=Ve>s. 
The  filled  circles  for  each  gate  voltage  correspond  to  the  condition  that 
injection  from  the  source  occurs.  This  condition  is  verified  by  measuring  the 


CO-389 


drain  and  source  currents  of  the  nMOSFET.  The  first  filled  circle  going  to 
higher  Vc*  voltages  for  each  VSs  indicates  the  condition  at  which  the  value  of 
the  source  current  becomes  just  equal  to  the  drain  current.  The  last  value  of 
VCI  before  injection  represents  the  maximum  operating  voltage  Voo-mu  for  the 
given  CMOS  structure.  At  low  gate  voltages  the  substrate  current  (=current  in 
the  p-well)  of  the  nMOSFET  is  very  low  too  so  that  it  results  in  a  high 
relative  change . Increasing  Vos, in jection  occurs  at  lower  VCk=V  DD 
indicating  a  respective  operating  voltage  limitation. 


Fig. 3: Operating  voltage-sensitivities  of  the  collector  current  Ic  (Fig. 3a)  and 
of  the  n-channel  substrate  current  (Fig. 3b)  as  a  function  of  Vos. 


Fig. 2b  shows  the  maximum  operating  voltage  VDD-m.>  as  a  function  of  the 
gate  voltage  Vos  for  different  VDa  voltages  of  the  nMOSFET. The  shape  of  the 
Vdd-ux  curves  reflects  the  well-known  substrate  current  shape  for  all  drain 
voltages  VDS.  VDD-m»  decreases  with  increasing  VDs. 

The  collector  current  of  the  vertical  npn  bipolar  transistor  Ic,the 
substrate  and  the  drain  currents  IBB  and  ID  of  the  nMOSFET  characterized  by 
their  sensitivities  to  VCb:=Vdo  as  a  function  of  the  Vos  for  different  VDS 
voltages  are  shown  in  Fig. 3a, 3b  and  Fig. 4,  respectively. 


Vos  <  V ) 


Fig. 4: Sensitivity  of  the  n-channel  drain  current  vs. Vos  for  different  VDa. 

Fig. 3a  shows  that  injection  occurs  only  for  VDa£6.5  V.  The  curve  follows 
the  Vos-dependent  substrate  current  shape. Even  at  VDB=6.5V  the  injection  from 
the  source  is  significant  only  in  that  gate  voltage  range  where  the  substrate 
current  is  sufficiently  high.  Below  VDs=6.5V  no  injection  into  the  substrate 
takes  place. The  nMOST  parameters  in  this  case  are  influenced  by  the  body 
effect  changing  the  threshold  voltage  V-r.Due  to  the  modulation  of  the 
depletion  width  at  the  well /substrate  junction, the  well  resistance  Rw  and  thus 
the  potential  drop  are  modulated  too. 

The  influence  of  the  PBTA  on  the  substrate  and  drain  currents  is  demonstrated 
in  Fig. 3b  and  F<g.4.  Without  injection  (circles)  both  substrate  and  drain 
sensitivities  are  increased  when  VD«  is  increased.  With  injection  (filled 
circles)  both  substrate  and  drain  sensitivities  are  reduced.  The  reduction  can 
be  estimated  from  the  difference  between  the  dashed  line  (i.e.the  curve 
approximated  from  points  without  injection)  and  the  measured  curve  in  the  VOB 
range  where  injection  occurs. The  I»  reduction  shows  clearly  that  a  part  of 
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the  impact  ionization  current  is  consumed  by  the  base  current  of  the  npn 
transistors.  Therefore  the  impact  ionization  in  MOSFETs  will  be  underestimated 
using  the  measurable  Isa  to  monitor  it. The  reduction  in  ID  is  a  consequence  of 
the  decreased  voltage  drop  AVna  caused  by  the  reduced  Iaa. 

3.  ISOLATION  PERFORMANCE 


The  influence  of  the  PBTA  on  the  isolation  performance  of  a  CMOS  relevant 
functional  unit  e.g.  inverter  is  demonstrated  in  Fig. 5a.  The  substrate 
currents  of  the  n-  and  p-channel  MOSFETs  in  the  inverter  circuit  , IBBn  and 
I„p, respectively  are  shown  vs.  the  input  voltage  Vm.  The  regular  substrate 
currents  I.B„  and  Iaa*.  generated  by  impact  ionization  in  the  respective 
MOSFETs  are  denoted  by  solid  lines.  However, an  additional  peak  of  the  Imp  is 
observed  (denoted  by  dashed  lines). This  is  the  collector  current  of  the 
vertical  npn  transistor. Preventing  PBTA  by  reverse  biasing  the  p-well/source 
junction,  the  additional  peak  disappeares  (dotted  line). 

The  maximum  values  of  the  additional  peaks  for  different  doping  levels  in  the 
p-well  vs.Vdd  are  shown  in  Fig. 5b.  Reducing  the  PBTA  by  increasing  the  Gummel 
number, the  collector  currents  Iaa*>  are  reduced  effectively. 


Fig. 5: Substrate  currents  of  the  MOSFETs  in  a  CMOS  inverter .Fig . 5a : IM„  and 
Iaap  vs  .Vin  .  Fig .  5b  :Maximum  values  of  the  additional  peaks  IMI>  normalized  by 
the  channel  width  W  vs.  VOD  for  different  doping  levels  in  the  p-well. 


4.  CONCLUSIONS 


Voltage  drops  AVm  below  .6V  caused  by  impact  ionization  currents  in  the 
electrical  substrates  of  the  respective  MOSFETs  lead  to  PBTA  in  VLSI  CMOS. This 
action  results  in  limitations  of  the  maximum  operating  voltages  of  the  discret 
MOSFETs  and  of  the  CMOS  functional  unit. These  influences  were  investigated 
using  operating  voltage-  sensitivities  of  the  MOS-  and  bipolar-currents . 

The  obtained  results  demonstrate  clearly  that: 

*  The  nMOSFET-  and  the  bipolar-currents  in  CMOS  are  strongly  coupled  by  the 
potential  drop  caused  by  the  impact  ionization  currents . 

*  The  maximum  operating  voltage  in  CMOS  is  limited  by  the  PBTA  induced  by  the 
operating  point  dependent  impact  ionisation  in  nMOST. 

*  Any  increase  of  the  well-doping  effectively  reduces  this  effect. 

*  The  base  currents  of  the  parasitic  bipolar  transistors  reduce  the 
measurable  substrate  current  of  the  corresponding  MOST. 

*  The  isolation  performance  of  a  functional  unit  in  CMOS  is  reduced  due  to  the 
collector  current  of  the  vertical  bipolar  transistor. 
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Abstract  -  Inductively  coupled,  RF  stimulated  plasma  anodisation  of  silicon  is  discussed 
in  terms  of  both  MOS  electrical  properties  and  the  oxidation  of  Si3N4/SiC>2  /Si  materials 
systems.  The  electrical  properties  of  the  plasma  oxides  grown  at  400°C  are  comparable  to 
those  of  thermal  oxides  grown  at  1000°C.  Preliminary  results  based  on  transmission 
electron  microscopy  observations  prior  to  and  after  plasma  anodisation  indicate  that 
ShNi/SiOj  strips  on  silicon  exhibit  interesting  lateral  oxidation  behaviour  and  therefore 
SbN4  may  be  a  potential  mask  against  plasma  anodisation  for  advanced  VLSI. 


1  -  INTRODUCTION 

Plasma  anodisation  is  an  attractive  technique  for  the  oxidation  of  silicon  due  to  the  rapid 
oxidation  rates  observed  at  low  temperatures  / 1  /.  Prolonged  oxidation  at  high  temperatures  can 
generate  defects  in  the  silicon  and  these  defects  lead  to  degradation  in  both  yield  and 
performance  of  small  geometry  devices.  An  additional  disadvantage  of  thermal  oxidation  is  the 
so  called  "bird's  beak"  effect:  lateral  oxidation  occurs  underneath  a  masked  area,  thus  limiting 
the  minimum  device  separation  which  can  be  achieved.  Although  plasma  anodisation  has  been 
widely  investigated  (see  / 1  /  and  references  therein),  previous  studies  have  highlighted  the 
severe  difficulty  of  producing  effective  masks  for  this  process  /2/;  most  of  the  established  masks 
against  thermal  oxidation  appear  to  be  consumed  during  plasma  oxidation.  Therefore  an 
important  issue  with  regard  to  plasma  anodisation  is  to  find  materials  systems  in  which  the 
vertical  oxidation  rate  of  the  mask  is  low  compared  to  silicon  and  the  lateral  oxidation  of  both 
the  mask  and  the  silicon  substrate  under  the  mask  are  minimal.  The  present  summary 
addresses  this  issue  in  the  limited  context  of  Si3N4/SiC>2  strips  on  Si  and  includes  data  which 
show  that  the  electrical  properties  of  plasma  grown  oxides  at  400°C  are  acceptable  for  advanced 
VLSI  applications. 

2  -  EXPERIMENTAL 

The  experimental  apparatus  used  for  the  anodisation  has  been  described  elsewhere  in  some 
detail  13/ .  The  anodisation  chamber  consists  of  a  quartz  tube  containing  oxygen  at  a  pressure  of 
approximately  150mTorr.  The  plasma  is  initiated  using  an  inductively  coupled  RF  generator 
operating  at  27MHz  and  lkW.  The  sample  to  be  oxidised  is  positioned  on  a  heated  metal 
pedestal  5-6  cm  from  the  plasma  discharge  centre  and  forms  the  anode  in  an  external  d.c.  circuit. 
Silicon  wafers  of  up  to  100mm  in  diameter  can  be  uniformly  oxidised. 


( 1  >  Present  address:  AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974,  USA 
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The  response  of  several  materials  systems  to  plasma  anodisation  is  being  investigated  by  cross- 
sectional  transmission  electron  microscopy  (x-TEM).  The  materials  systems  include  strip 
structures  (~3pm  wide)  of  silicon  nitride/ thermal  oxide  and  silicon  nitride/ thermal  oxide/ 
polysilicon  on  (100)  n-type  silicon  substrates.  Both  the  silicon  nitride  and  polysilicon  structures 
were  grown  by  CVD  deposition.  Specimens  for  TEM  were  prepared  from  the  initial  structures 
and  from  structures  after  oxidation  by  mechanical  polishing  to  a  thickness  of  ~30  pm,  followed 
by  ion-beam  milling  to  perforation  using  4  kV  Ar  ions.  The  x-TEM  observations  were  carried  out 
at  200 kV  and  all  structures  were  imaged  edge-on  along  the  strip  (i.e.  [oil])  under  zone-axis, 
bright-field  conditions. 

3  -  RESULTS 

As  shown  in  previous  work  /4/,  the  electrical  properties  of  plasma  oxides  grown  at  400°C  are 
comparable  to  thermal  oxides  grown  at  1000°C  and  the  electrical  breakdown  strength  of  the 
plasma  oxides  exceeds  that  which  is  required  for  isolation  of  VLSI  structures.  A  typical 
histogram  of  electrical  breakdown  data  is  presented  in  Fig.  1.  The  mean  electrical  breakdown 
strength  is  9.5  MV/cm  over  90%  of  the  probed  area  with  a  complete  absence  of  low-field 
breakdown.  In  addition  MOS  capacitors  fabricated  using  plasma  oxides  have  electrical  integrity 
similar  to  that  attainable  using  thermal  oxides.  Figure  2  shows  a  comparison  between  a  typical  I- 
V  curve  for  MOS  capacitors  with  plasma-  and  thermally-oxidised  dielectric  layers.  Conduction 
through  the  oxide  in  the  high-field  region  prior  to  breakdown  is  thought  to  occur  by  Fowler- 
Nordheim  tunneling.  The  differences  in  the  curves  are  attributed  to  a  higher  level  of  positive 
charge  either  near  to  the  interface  or  within  the  oxide.  At  the  present  time  these  positively 
charged  traps  can  only  be  removed  by  higher  temperature  anneals.  The  slight  inflection,  or 
ledge,  in  the  plasma  grown  case  is  probable  associated  with  electron  traps  which  are  filled  by  the 
Fowler-Nordheim  tunneling  current. 


FIELD  STRENGTH  <MV/cm) 


Fig.  1  -  Histogram  showing  the  field  strength  of  25  MOS  capacitors  of  diameter  0.38  mm:  the 
plasma  oxide  was  grown  at  400°C  and  the  the  oxide  thickness  was  -0.1  pm. 

The  structural  features  of  SijfM/SiOa strips  on  silicon  before  and  after  plasma  anodisation  at 
400°C  are  illustrated  by  the  x-TEM  micrographs  in  Fig.  3.  Figure  3a  is  before  plasma  anodisation 
and  Figs.  3b  and  3c  are  after  plasma  oxides  of  -0.17pm  and  -0.45pm  thickness  were  grown, 
respectively.  It  can  be  seen  from  this  sequence  of  micrographs  that  the  silicon  substrate  was 
masked  from  plasma  oxidation  at  the  expense  of  the  SbN4  strip,  the  surface  of  which  has  been 
partially  converted  into  an  oxynitride  layer.  Other  important  features  which  are  apparent  from 
Fig.  3c  include  a  marked  reduction  of  the  "bird’s  beak"  effect  usually  produced  during 
conventional  LOCOS  isolation,  as  well  as  the  potential  to  achieve  substantial  improvements  in 
the  lateral  encroarchment  of  a  vertical  edge,  produced  by  thermal  oxidation  (  e  g.,  as  illustrated  in 
Fig.  3d  ).  This  important  phenomenon  is  presently  under  investigation.  Lastly,  an  electrical  field 
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Fig.  2  -  Current-voltage  characteristics  of  plasma  and  thermal  oxides  showing  comparable 
electrical  integrity:  plasma  oxide  was  4°0nm  thick  and  the  thermal  oxide  was  460  nm  thick. 


induced  variation  in  the  oxide  surface  topography  above  the  terminating  edge  of  the  silicon 
nitride  strip  is  observed  (  Fig.  3c  ).  This  effect  can  be  visualised  quite  dramatically  from  the  low- 


a 


b 


Fig.  3  -  Cross-sectional  electron  micrographs  showing  similar  portions  of  Si  3N4/Si02  strips  on 
crystalline  silicon  (a-c)  and  polysilicon  (d):  a)  is  before  plasma  anodisation;  b)  and  c)  are  after 
plasma  anodisation  at  500°C;  and  d)  is  after  thermal  oxidation  at  1000°C. 
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Fig.  4  -  Cross-sectional  electron  micrographs  showing  the  entire  length  of  the  Si3N4/Si02  strips  on 
Si  which  appear  in  Figs.  3b  and  3c.  The  terminations  of  the  Si3N4  strip  in  4a  (downward 
arrowheads)  map  onto  the  inflections  at  the  upper  SiC>2  surface  in  4b  (upward  arrowheads). 


magnification  micrographs  shown  in  Figs.  4a  and  4b  which  correspond,  respectively,  to  the 
structures  shown  in  Figs.  3a  and  3b.  It  is  quite  clear  from  these  observations  that  the  end 
terminations  of  the  Si3N4  strip  in  Fig.  4a  map  directly  onto  the  inflections  at  surface  of  the 
plasma  oxide  in  Fig.  4b.  This  result  is  taken  as  an  indication  that  both  the  lateral  and  vertical 
oxide-field  strengths  are  modified  by  the  terminations  of  the  Si3N4  strip.  The  fact  that  there  is  an 
anisotropy  in  the  plasma-oxidation  field  strength  is  further  supported  by  the  observation  that  a 
SiC>2  thickness  of  -0.45  pm  can  be  achieved  at  the  expense  of  -0.06  pm  of  Si3N4  vertically  and 
~0.15pm  of  Si3N4  laterally.  The  net  result  of  the  lateral  SuN4  movement  is  to  define  the  vertical 
limits  of  the  underlying  Si02/silicon  interface  (i.e.  minimal  bird’s  beak  effect). 

4  -  CONCLUDING  REMARKS 

The  present  structural  results  are  taken  as  an  indication  tint  the  lateral  shift  of  a  Si3N4mask 
under  a  given  plasma  anodisation  process  will  depend  strongly  on  the  geometry  of  the  SbN4 
strip.  Furthermore  the  realization  of  large  anisotropic  electric-field  effects  for  different  materials 
systems  and  varying  geometries  of  a  particular  materials  system  may  open  the  way  for 
nanometre-scale  structural  engineering  in  the  field  of  plasma  anodisation. 
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R6aum£  -  La  vitesse  de  deposition,  l’uniformit^  d'epaisseur  et  la  couverture  de  marche  des  couches  de  SiOj 
deposees  sur  plaquettes  de  Si  par  TEOS  pyrolyse  ont  ete  etudiees  corame  fonction  des  parametres  de  processus: 
temperature,  flux  de  gas  et  pression.  Des  couches  d'oxyde  avec  uniformite  de  ±1%  sur  plaquettes  de  100  nun 
de  diamfetre  et  couverture  de  marche  de  76%  sur  marches  de  lpm  x  lpm  ont  ete  obtenues.  La  caracterisation 
electrique  des  couches  de  SiO]  de  TEOS  deposees  sur  simple  crystal  de  Si  ont  montre  une  densite  de  charge 
d'environ  1011  cm'1,  une  densite  d’etats  superflciel  a  moitie  du  gap  du  silicium  inferieure  a  1010  eV_1  cm'1,  une 
barriere  Si/SiOj  de  2.6  eV  et  un  champ  de  rupture  de  7.5  k  9  MV/cm.  Lea  couches  de  SiOj  de  TEOS  deposees 
sur  polysilicium  dope  POClj  montrent  propriete  d’isolation  comparable  aux  couches  d'oxyde  thermique  cru  &  la 
temperature  de  1100°C. 

Abstract  -  Deposition  rate,  thickness  uniformity  and  step  coverage  of  SiOj  films  deposited  on  Si  substrates  by 
pyrolysis  of  TEOS  have  been  studied  as  a  function  of  process  parameters:  temperature,  pressure,  and  gas  flow. 
Oxide  films  with  uniformities  of  ±1%  on  100-mm  wafers  and  step  coverage  of  76%  on  1  pm  wide  and  deep  trenches 
have  been  obtained.  The  electrical  characterisation  of  TEOS-SiOj  films  deposited  on  single  crystal  Si  shows  a 
charge  density  of  about  10"  cm-1,  a  surface  state  density  at  Si  midgap  lower  than  lO10  eV-1  cm"1,  a  Si/SiO, 
barrier  height  of  2.6  eV  and  a  breakdown  field  strength  from  7.5  to  9  MV/cm.  TEOS-SiO,  films  deposited  on 
POCls  doped  poly-Si  show  insulation  properties  comparable  to  that  of  SiOj  films  grown  at  1100°C. 

1.  Introduction 

Highly  integrated  semiconductor  devices  require  insulating  layers  with  low  defectivity,  high  thickness 
uniformity  and  good  electrical  properties.  Thermal  oxide  grown  on  single  crystal  Si  has  nearly  ideal  electrical 
properties,  but  when  grown  on  polycristalline  Si  its  qualities  are  degraded.  Moreover,  the  high  temperature 
required  for  Si  oxidation  give  rise  to  severe  constrains  on  process  architecture.  On  the  other  hand,  low 
temperature  CVD  oxides  do  not  match  the  defectivity  requirement  and  their  electrical  properties  are  very 
poor.  Recently  there  is  a  renewed  interest  on  TEOS  based  SiOj  and  several  publications  have  pointed  out 
that  TEOS-SiOj  films  are  promising  for  microelectronic  applications  /1,2/. 

In  this  work  we  have  investigated  the  TEOS-SiOj  properties — deposition  rate,  thickness  hniformity,  etch 
rate,  step  coverage,  stress —  as  a  function  of  process  conditions  and  we  have  identified  two  optimum  processes 
for  low  and  high  deposition  rate  suitable  for  film  thicknesses  in  the  range  from  300  to  5000  A.  The  physi¬ 
cal  characteristics  of  these  films  will  be  briefly  reported,  while  more  space  will  be  devoted  to  the  electrical 
characterisation  of  TEOS-SiOj  layers  on  single  crystal  Si.  Also,  as  one  of  the  first  conceivable  application  of 
this  film  is  as  interpoly  insulating  layer,  we  will  provide  an  electrical  characterisation  of  the  film  deposited  on 
POClj  doped  polysilicon. 

2.  Process  characteristics  and  film  properties 

The  depositions  were  performed  in  a  standard  horisontal  LPCVD  system  on  100-mm  wafers.  A  schematic 
drawing  of  the  system  is  depicted  in  Fig.  1.  The  gas  flow  rate  from  the  TEOS  bubbler,  and  thus  the  amount 
of  TEOS  vapor  introduced  into  the  reactor,  is  automatically  controlled  by  a  throttle  valve  and  a  pressure 
transducer  while  the  bubbler  temperature  was  kept  constant  at  50°C.  The  wafers  were  placed  back  to  back 
with  spacing  of  9.5  mm  in  quarts  boats  with  covers  having  no  holes. 

The  films  were  characterised  by  measuring  refractive  index  and  thickness  (Rudolph  ellipsometer,  Nanospec). 
etch  rate  in  P-etch  solution  (30  cc  HNOj  70%,  51  cc  HF  40%  and  900  cc  HjO),  film-induced  stress  (Canon 
L3F  500),  and  step  coverage  (SEM).  Measurements  were  performed  on  films  as  deposited  and  after  anneal 
(950°C,  15  min  in  Nj).  Density  and  infrared  absorption  measurements  were  performed  too. 
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Fig.  1.  Schematic  drawing  of  the  experimental  setup 
used  for  the  deposition  of  TEOS-SiOj. 


Fig.  2.  Deposition  rate  (left)  and  thickness  variation 
(right)  as  a  function  of  deposition  temperature. 


Table  I.  TEOS  processes  (low  -  high  deposition  rate). 


Process 

Dept,  rate 

Temperature 

Pressure 

TEOS  pressure 

Intra- wafer 

Inter-wafer 

A/min 

°C 

mTorr 

Torr 

uniformity 

uniformity 

A 

60 

700  ±1 

700 

3 

1% 

3% 

B 

115 

720  ±1 

700 

4 

1.5% 

3.5% 

Process  optimization  has  been  accomplished  by  examining  the  reaction  rate  sensitivity  against  temper¬ 
ature,  pressure,  and  TEOS  flowrate.  The  initial  choise  for  these  parameters  was:  temperature  =  700°C, 
pressure  =  400  mTorr,  TEOS  line  pressure  =  3  Torr.  Each  parameter  has  been  varied  one  at  a  time  while 
keeping  the  other  constant.  Fig.  2  reports  the  Arrhenius  plot  of  the  deposition  rate.  From  this  figure  it  can 
be  desumed  an  activation  energy  of  37  kcal/mol  at  low  temperature  while  a  saturating  behavior  is  observed 
at  high  temperature,  in  agreement  with  previously  reported  data  /1 ,3,4/.  The  thickness  uniformity  within 
wafer  is  also  shown  in  Fig.  2.  For  temperatures  lower  than  745°C  thickness  variations  are  within  ±5%. 

The  effect  of  pressure  variations  on  deposition  rate  is  small.  The  deposition  rate  increases  linearly  from  43 
A/min  at  200  mTorr  to  65  A/min  at  800  mTorr,  while  within-wafer  uniformity  is  nearly  constant  and  equal 
to  about  ±1%.  At  lower  pressure  the  thickness  variation  within  wafers  of  the  same  run  is  about  ±  13%,  while 
in  the  pressure  range  between  400  and  800  mTorr  is  about  ±  6%. 

The  deposition  rate  increases  sublinearly  with  the  TEOS  line  pressure  and  is  21  A/min  at  1  Torr, 57  A/min 
at  3  Torr  and  70  A/min  at  5  Torr.  At  1  Torr  the  film  thickness  decreases  along  the  wafer  diameter  from 
the  nearest  to  the  furthest  position  relative  to  the  TEOS  injectors  in  the  reactor,  indicating  a  depletion  of 
reactants.  At  higher  TEOS  pressures  the  thickness  uniformity  is  good  (±  1%). 

We  have  characterized  the  step  coverage  of  TEOS-SiOj  films  by  measuring  the  ratio  of  film  thickness  on 
the  wall  to  the  one  on  the  top  of  l-/im  wide  and  deep  trenches.  Step  coverage  increases  with  increasing  process 
pressure  from  65%  at  400  mTorr  to  76%  at  700  mTorr  (deposition  temperature  =  700°C)  and  decreases  with 
increasing  temperature — at  745°C  and  a  pressure  of  700  mTorr  the  step  coverage  is  63%. 

On  the  bases  of  the  results  of  process  characterization  two  optimum  process  conditions  have  been  selected 
for  low  and  high  deposition  rate  (process  A  and  B  of  Table  I).  Additional  fine  tuning  of  wafer  boats  position  in 
the  reactor  and  a  sligthly  tilted  temperature  profile  (±1°C)  has  allowed  to  improve  the  thickness  uniformity 
within  the  wafers  of  a  run  to  about  ±3%.  Table  II  reports  the  physical  properties  of  SiOa  films  obtained  by 
the  two  processes  compared  with  that  of  a  SiOj  film  grown  at  1100°C  in  dry  0}  ambient. 


Table  II.  Physical  film  characteristics. 


Process 

Etch  rate 
(P-etch)  A/min 

Step 

coverage 

Stress 

10*  dynes/cm’ 

Refractive 

index 

Density 
gr/ cm* 

Si-0  stretching 
band,  cm"1 

A  as  dep. 

15 

78% 

0.8  C 

1.446 

2.17 

1063 

A  annealed 

3 

— 

2.8  C 

1.450 

2.20 

1074 

B  as  dep. 

10 

74% 

1.2  C 

1.445 

2.17 

1063 

B  annealed 

3 

— 

3.6  C 

1.450 

2.22 

1074 

Thermal 

1.6 

— 

— 

1.460 

2.25 

1080 
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Fig.  3.  Effect  of  annealing  in  inert  ambient  on  the 
C  —  V  characteristic  of  TEOS-SiOj  on  single  crystal 
Si.  Continuous  line:  theoretical  C  —  V  curve,  shifted 
of  0.22  V  along  the  Va  axis. 

3.  Electrical  characterization 


Fig.  4.7  —  Eee  curves  of  TEOS-SiOj  on  single  crys¬ 
tal  Si.  Closed  symbols:  T=23°C.  Open  symbols: 
r=200°C.  Circles:  Va  >  0.  Squares:  Va  <  0.  Con¬ 
tinuous  line:  7  —  E„  curve  of  thermal  SiOj. 


The  devices  used  for  the  electrical  characterization  were  large  area  (10-3  cm3)  MOS  capacitors  fabricated 
on  (lOO)-oriented,  p-type,  1.7  -  2.5  0  cm  single  crystal  Si,  n-type  (phosphorous  implanted)  single  crystal 
Si,  and  gas  phase  (POCl3)  doped  poly-Si.  TEOS-SiOj  layers  200-  to  1000-A  thick  were  deposited  by  using 
both  processes  A  and  B.  Some  samples  were  prepared  according  to  process  A  but  at  the  higher  temperature 
of  745°C.  An  annealing  step  (15  min  at  950°C  in  Nj)  was  performed  on  some  wafers  immediately  after 
the  TEOS-SiOj  deposition.  A  simple  n+  polysilicon-gate  process  was  used  in  the  device  fabrication.  For 
comparison,  MOS  capacitors  with  thermal  SiOj  as  insulating  layer  were  processed  in  parallel.  The  oxide 
thickness  of  TEOS-SiOj  films  was  determined  by  C  -  V  measurements  assuming  =  3.9  for  the  dielectric 
constant.  The  agreement  between  electrical  and  optical  measurements  of  the  film  thicknesses  was  within  5%. 

In  Fig.  3  are  shown  the  low  frequency  C  —  V  curves  for  as  deposited  and  annealed  samples  prepared 
according  to  process  A.  Also  shown  is  the  theoretical  C  —  V  curve,  shifted  of  +0.22  V  along  the  gate  voltage 
axis  to  match  the  annealed  sample  curve  in  the  inversion  region.  The  interface  state  density  Du  was  evaluated 
by  both  the  quasi-static  /5/  and  the  conductance  / 6/  method.  The  unannealed  sample  has  a  u-shaped 
distribution  with  Dit  =  2  x  10*°  eV-1  cm-3  near  midgap  and  Du  =  4  x  10u  eV_I  cm-3  at  0.2  eV  above  the 
valence  band  edge.  The  capture  cross  section  is  of  about  2x  10~ir  cm3.  Annealing  in  inert  ambient  reduces  the 
interface  state  density  near  midgap  of  about  an  order  of  magnitude.  The  short  time  constant  of  the  interface 
states  near  flatband  and  in  weak  accumulation  limits  the  experimentally  accessible  region  of  the  band  gap, 
but  the  large  deviation  from  the  theory  of  the  C  -  V  curve  in  weak  accumulation  indicates  a  high  density  of 
interface  states  just  above  the  valence  band  edge,  even  for  the  annealed  sample.  The  flatband  voltage  shift 
AVfB  obtained  from  1-MHz  C  —V  characteristics  corresponds  to  a  negative  effective  charge  of  3  x  10n  cm-3 
for  unannealed  samples  and  of  about  1011  cm-3  for  annealed  samples,  independent  of  oxide  thickness.  This 
finding,  together  with  the  high  interface  state  density  near  the  valence  band  edge,  suggests  that  the  measured 
AVfB  is  mainly  due  to  the  charge  of  these  interface  states — filled  with  electrons  at  Vo  =  Vfb — rather  than 
to  electrons  trapped  in  the  bulk  of  the  oxide. 

The  current  density  -  electric  field  7  -  E„  characteristics  of  the  unannealed  sample  are  reported  in 
Fig.  4.  Very  similar  characteristics  were  measured  on  annealed  samples.  The  nearly  temperature  independent 
conduction  suggests  that  charge  transport  in  TEOS-SiOj  is  controlled  by  Fowler- Nordheim  electron  tunneling 
trough  the  Si/SiOj  interface.  The  low-rield  deviation  from  the  ideal  Fowler-Nordheim  conduction  for  positive 
gate  voltage  is  likely  due  to  a  decrease  of  the  barrier  height  from  a  value  close  to  that  of  thermal  SiOj  near 
the  Si/SiOj  interface  to  a  lower  value  in  the  bulk  of  the  film.  This  hypothesis  is  confirmed  by  the  higher 
conduction  observed  for  negative  gate  voltage,  when  electrons  are  injected  from  the  poly-Si/SiOj  interface. 
The  asymmetrical  behavior  with  respect  to  the  gate  voltage  polarity  is  enhanced  for  thicker  oxides  and  depends 
on  process  conditions,  as  shown  in  Fig.  5  where  the  7  -  characteristics  of  900-  A  thick  samples  are  reported 
in  a  Fowler-Nordheim  plot.  For  positive  gate  voltage  only  one  curve  is  shown,  the  other  two  beeing  nearly 
coincident.  Measurments  performed  on  thermal  oxide  of  similar  thickness  are  shown  for  comparison. 
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Fig.  5.  Fowler-Nordheim  plot  of  the  J  —  E„  charac-  Fig.  6.  J  —  characteristics  of  SiOj  films  on 

teristics  of  TEOS-SiOj  on  single  crystal  Si.  Closed  POClj  doped  polysilicon.  Closed  symbols:  TEOS- 

symbols:  Va  >  0.  Open  symbols:  Va  <  0.  Squares:  SiOj  deposited  a*-  700°C.  Open  squares:  thermal 

Tdep  =  700°C.  Circles:  =  720°C.  Triangles  SiOj  grown  at  1000°C.  Open  circles:  thermal  SiOj 

down:  Tiep  =  745°C.  Triangles  up:  thermal  SiOj.  grown  at  1100°C. 

The  effective  barrier  height  /7/  evaluated  from  the  slope  of  the  characteristics,  assuming  an  electron 
effective  mass  equal  to  0.5  the  electron  free  mass,  is  of  2.9  eV  for  thermal  oxide,  2.6  eV  for  TEOS-SiOj  at  high 
positive  gate  voltage,  1.9  eV  for  700°C  deposited  TEOS-SiOj  at  negative  gate  voltage  and  1.5  eV  for  745°C 
deposited  TEOS-SiO]  at  negative  gate  voltage.  Samples  deposited  at  720°C  (process  B)  show  an  anomalous 
behavior  which  is  also  apparent  from  the  time  evolution  of  the  current  at  a  fixed  negative  gate  voltage:  for 
these  samples  the  current  decreases  with  time  even  in  the  low  field  regime  following  a  power  law  J  <x  t“  with 
a  between  1/2  and  1/3  depending  on  the  electric  field.  For  the  other  two  samples  the  current  was  remarkably 
constant  in  time  with  the  exception  of  the  higher  fields  tested. 

Breakdown  measurements  were  performed  using  a  staircase  voltage  ramp  with  positive  gate  polarity  on 
TEOS-SiOj  films  deposited  on  n-type  Si.  The  average  breakdown  field  ranges  from  9  MV/cm  for  thin  (200 
A)  films  to  7.5  MV/  cm  for  thicker  (900  A)  films.  No  dependence  on  process  conditions  was  observed. 

In  order  to  evaluate  the  performances  of  TEOS-SiOj  films  in  practical  applications  we  have  performed 
defectivity,  breakdown  field  and  I  —  V  measurments  on  samples  deposited  according  to  process  A  on  P0C13 
doped  polysilicon.  Current  -  field  characteristics  are  compared  in  Fig.  6  with  those  of  thermal  oxide  grown 
at  1000  and  1100°C.  The  oxide  thickness  was  of  about  500  A  for  all  samples.  Film  defectivity  was  tested  on 
large  area  capacitors  at  an  electric  field  of  3  MV/cm.  To  pass  the  test  a  leakage  current  density  lower  than  1 
mA/cm*  was  required.  A  defect  density  of  4.5  defects/cmJ  for  500-A  thick  samples  and  of  1.2  defects/cm*  for 
800-A  thick  samples  was  found.  Although  thinner  films  have  a  higher  defectivity,  their  dielectric  breakdown 
strength  is  better  than  for  thicker  samples.  The  average  breakdown  fields  are  of  7  and  5  MV /cm  for  thin  and 
thick  films,  respectively. 
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R£sum£  -  Dans  le  cadre  d’un  procede  CMOS  a  grilles  en  silicium  polycristallin  (n+  et  p+),  le  recuit 
thermique  rapide  a  6X6  utilise  avec  succ4s  pour  une  grille  en  silicium  polycristallin  implante  avec  de 
l’arsenic  et  deposd  sur  7  nm  de  Si02-  Le  travail  de  sortie  de  la  grille  que  nous  avons  obtenu  corre¬ 
spond  4  la  valeur  theorique  attendue.  Les  Stats  d’interface  et  les  charges  fixes  dus  au  recuit  rapide 
peuvent  Stre  eliminds  par  un  recuit  4  500°C  sous  forming  gas.  Les  mesures  de  tensions  de  claquage 
aussi  bien  instantanees  qu’en  fonction  du  temps  montrent  que  l’integrite  de  l’oxide  de  grille  (7  nm) 
est  preservde  aprds  le  recuit  rapide.  La  diffusion  de  l’arsenic  dans  le  silicium  polycristallin  lors  du 
recuit  rapide  est  en  accord  avec  les  rdsultats  de  la  litterature  pour  des  recuits  conventionnels. 

Abstract  -  We  demonstrated  the  feasibility  and  advantages  of  using  rapid  thermal  annealing  (RTA) 
to  achieve  a  proper  work  function  for  arsenic-implanted  polysilicon  gate  on  7  nm  Si02  in  a  dual  work 
function  (n+  and  p+)  poly-gate  CMOS  process.  Interface  states  and  fixed  oxide  charge  due  to  RTA 
can  be  annealed  out  at  500°C  in  forming  gas.  Time-zero  and  time-dependent  breakdown  results 
show  that  the  integrity  of  7  nm  gate  oxide  can  be  preserved  after  RTA.  The  diffusivity  of  arsenic  in 
polysilicon  under  RTA  is  found  to  be  consistent  with  literature  data  from  conventional  furnace 
anneals. 

1  -  INTRODUCTION 

Doping  of  the  polysilicon  gate  by  using  the  source/drain  ion  implantation  step  for  a  dual  work  function 
(n+  and  p+)  poly-gate  CMOS  process  is  desirable  and  challenging  under  reduced  implant  dose  and  thermal 
budget  for  future  sub-micrometer  CMOS  VLSI  applications  / 1/.  Recently  rapid  thermal  processing  (RTP) 
or  annealing  (RTA)  has  been  studied  as  an  alternative  or  supplement  to  the  conventional  furnace  annealing 
for  minimizing  the  heat  treatment  necessary  to  diffuse  and  activate  dopants.  It  has  also  been  explored  for 
silicide,  glass  reflow,  oxidation  and  nitridation  processes  12/ .  In  this  paper  we  report  the  results  of  a  com¬ 
prehensive  study  on  the  rapid  thermal  annealing  of  arsenic-implanted  polysilicon  gate  electrode  on  7  nm  gate 
oxide.  It  is  demonstrated  that  RTA  is  required  for  the  activation  of  arsenic  to  get  a  degenerately  doped  n+ 
polysilicon,  while  maintaining  shallow  source  and  drain  junctions  in  a  dual  work  function  poly  gate  CMOS 
process.  SIMS  profile  (chemical  concentration)  should  be  supplemented  with  carrier  concentration  profile 
to  investigate  the  dependence  of  gate  work  function  on  arsenic  dose  and  annealing  conditions.  The  effective 
diffusivity  of  arsenic  in  polysilicon  under  RTA  conditions  is  extracted.  The  effects  of  RTA  on  the  quality 
and  integrity  of  the  underlying  7  nm  thin  gate  oxide  have  been  identified  and  methods  to  anneal  out  RTA 
induced  damage  are  reported. 

2  -  EXPERIMENTAL 

Aluminum  contacted  polysilicon-gate  capacitors  were  fabricated  on  1  Q-cm  (100)  p-type  Si  wafers.  Im¬ 
mediately  after  7  nm  dry  oxide  was  grown,  250  nm  polysilicon  was  deposited  at  610°C  by  low  pressure 
chemical  vapor  deposition  (LPCVD).  The  polysilicon  gate  was  doped  by  arsenic  ion  implantation  (2  x  1 015 
or  4xl0,5cnr2)  through  lOnm  screen  oxide  at  30  KeV.  Different  combinations  of  furnace  annealing  and 
RTA  (AG-2146)  in  nitrogen  were  performed  to  redistribute  and  activate  arsenic.  Splits  in  RTA  gas  atmos¬ 
phere  (N2,  Ar,  and  forming  gas)  and  ramp  rate  conditions  have  been  included.  No  post-aluminum  annealing 
was  performed.  The  flat  band  voltage  (VFB)  and  interface  states  density  D;t  were  obtained  by  using  high- 
frequency  (HFCV)  and  quasi-static  C-V  (QSCV)  measurements.  Arsenic  concentration  was  measured  by 
SIMS.  Carrier  concentration  and  mobility  were  determined  by  Hall  effect  and  resistivity  measurements  us¬ 
ing  a  Van  der  Pauw  geometry  fabricated  on  polysilicon.  Time  zero  oxide  breakdown  (TZBD)  was  measured 
by  ramping  the  current  and  recording  the  snap-back  voltage.  Time  dependent  breakdown  (TDBD)  meas¬ 
urements  were  performed  by  constant  current  stress. 


3  -  ARSENIC  DIFFUSION  AND  ACTIVATION 
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The  difficulty  of  using  conventional  furnace  annealing  to  achieve  degenerately  doped  n-type  polysilicon 
with  reduced  implant  dose  and  annealing  temperature  is  illustrated  in  Fig.l,  case  A,  where  the  chemical 
(SIMS,  solid  line)  and  carrier  concentration  (dots)  profiles  of  As  implanted  (2x  10I5cnr2  dose)  250  nm 
polysilicon  are  shown  after  furnace  annealing  at  850°C  for  30  min.  High  diffusivity  of  As  along  the  grain 
boundaries  /3/  at  850°C  gives  a  high  concentration  of  As  (about  2x  1019cnr3)  at  the  gate  oxide  interface. 
However,  the  carrier  concentration  profile  in  Fig.l.  case  A,  clearly  shows  low  activation  of  As  (4.2%  of  the 
implant  dose)  due  to  severe  As  segregation  into  the  grain  boundary  at  low  temperature  /4/.  A  high- 
resistivity  polysilicon  layer  exists  near  the  gate  oxide  interface  due  to  limited  dopant  activation  and  low 
carrier  mobility.  The  work  function  of  this  polysilicon  deviates  from  that  of  a  degenerately  doped  n+ 
polysilicon  as  indicated  by  the  measured  value  of  VFb  (-0.6V)  which  is  more  positive  than  the  theoretical 
value  (-0.92V)  for  n+  polysilicon  on  7  nm  oxide  and  2x  1016cnr3  boron-doped  substrate.  Moreover,  a  re¬ 
duction  of  MOSFET  transconductance  can  result  from  the  formation  of  a  depletion  layer  near  the 
polysilicon/ oxide  interface  under  positive  gate  bias  due  to  low  active  As  concentration. 

SIMS  profile  (solid  line)  of  Fig.l,  case  B,  shows  that  an  additional  RTA  at  1100°C  for  10  sec  in  N2  re¬ 
distributes  As  uniformly  across  the  250  nm  polysilicon  film.  The  nearly  flat  carrier  concentration  profile 
(dots)  with  an  average  value  of  1.7x  1019cnr3  clearly  demonstrates  the  effectiveness  of  the  additional  RTA 
(high  temperature,  short  time)  in  activating  a  large  amount  of  As,  up  to  21  %  of  the  implant  dose. 

Fig.2  shows  the  As  concentration  (solid  lines)  and  the  carrier  concentration  (dashed  lines)  in  polysilicon 
as  a  function  of  RTA  temperature  without  any  prior  furnace  anneals.  RTA  at  1 100°C  for  10  sec  is  necessary 
to  distribute  As  uniformly  throughout  the  250  nm  polysilicon  film  as  indicated  by  curve  C.  The  redistrib¬ 
ution  of  As  in  250  nm  polysilicon  is  incomplete  at  lower  RTA  temperatures  as  evidenced  by  curve  B 
(1050°C)  and  curve  A  (1000°C),  where  a  considerable  amount  of  As  remains  near  the  top  surface  of  the 
polysilicon  film.  It  is  worth  noting  that  the  arsenic  concentration  increases  towards  the  polysilicon-oxide 
interface  after  RTA  at  1100°C  as  seen  in  the  SIMS  profiles  of  Fig.2,  case  C,  and  Fig.l,  case  B.  This  effect 
is  due  to  the  grain  structure  of  the  polysilicon.  Cross  sectional  TEM  reveals  columnar  grains  with  high  den¬ 
sity  of  smaller  grains  near  the  polysilicon/oxide  interface,  meaning  increased  grain  boundary  area  toward 
that  interface.  This  results  in  an  increased  amount  of  arsenic  confined  at  or  near  the  grain  boundary  and 
therefore  an  increase  in  total  arsenic  (SIMS)  concentration  toward  the  polysilicon/ SiOz  interface. 

The  average  carrier  concentrations  are  0.9x  1019cnr3,  1.1  x  10,9cnr3,  and  1.8xl019cnr3  after  RTA  at 
1000°C,  1050°C  and  1 100°C,  respectively.  Although  the  average  carrier  concentrations  are  within  a  factor 
of  two  for  the  three  RTA  temperatures,  the  carrier  concentration  profile  depends  strongly  on  RTA  temper¬ 
ature.  As  shown  in  Fig.2,  RTA  at  1 100°C  is  required  to  activate  a  large  amount  of  arsenic  close  to  the  oxide 
interface.  The  carrier  concentration  after  RTA  at  1000°C  is  high  at  the  surface  (k4x  1019cnr3),  but  falls 
off  sharply  beyond  a  depth  of  50  nm  from  the  polysilicon  surface,  consistent  with  measured  SIMS  As  con¬ 
centration,  grain  size,  and  the  segregation  effect.  It  is  therefore  clear  that  neither  SIMS  profile  noT  average 
carrier  concentration  is  sufficient,  and  they  must  be  supplemented  with  carrier  concentration  profile  meas¬ 
urements  in  order  to  investigate  the  dependence  of  polysilicon  work  function  on  implant  dose  and  annealing 
conditions,  even  in  the  case  of  RTA. 

The  effective  diffusivity  of  As  along  the  polysilicon  grain  boundary  was  extracted  from  SIMS  profiles  us¬ 
ing  a  large  grain  (200-300  nm)  polysilicon  film  / 5/  so  that  only  a  very  small  fraction  of  the  implanted  arsenic 
impurities  near  the  surface,  i.e.  those  within  a  diffusion  length  of  the  grain  boundary  can  reach  the  grain 
boundary  and  diffuse  rapidly  through  it.  In  such  a  case  a  simple  one  dimensional  limited-source  diffusion 
model  applies,  and  the  tail  part  of  the  SIMS  profile  fits  well  to  a  Gaussian  curve.  The  RTA  and  furnace 
diffusivity  data  obtained  in  this  way  are  plotted  in  Fig.3  together  with  some  published  data  of  arsenic  in 
polysilicon  /3,6/.  The  diffusivity  data  spreads  at  least  over  two  order  of  magnitude  due  to  the  strong  de¬ 
pendence  of  grain  boundary  diffusion  on  grain  structure  and  impurity  or  dopant  content.  Our  data  from  ei¬ 
ther  furnace  annealing  or  RTA  is  within  the  spread.  The  activation  energy  calculated  from  our  limited  data 
is  3.5  eV,  consistent  with  reported  values  /3,6/.  suggesting  that  the  diffusion  of  arsenic  under  RTA  and 
furnace  annealing  follow  the  same  physical  mechanism.  The  broadening  of  the  arsenic  peak  in  the  SIMS 
profile  at  the  surface  of  the  same  large  grain  (200-300  nm)  polysilicon  after  RTA,  mainly  due  to  the  move¬ 
ment  of  the  dopant  inside  the  grain,  may  be  used  to  estimate  the  diffusion  length  of  high  concentration  of 
arsenic  in  single  crystalline  silicon.  A  value  of  15  nm  for  \/dF  under  1100°C  10  sec  RTA  was  obtained, 
which  agrees  with  extrinsic  arsenic  diffusivity  data  /7/.  This  is  evidence  that  dopant  redistribution  in  the 
substrate  is  very  little  during  such  polysilicon  RTA  processes. 

4  -  INTERFACE  STATES  AND  OXIDE  CHARGE 

There  is  an  increase  in  interface  states  density  after  RTA  in  N2  as  shown  in  Fig.4.  Two  peaks  have  been 
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observed  in  both  poly  and  A1  gate  capacitors,  one  located  at  roughly  O.leV  above  midgap  energy  with  a 
density  of  1013  eV-1cnr2  and  the  other  at  0.35eV  below  midgap  with  a  density  of  2x  1012  eV^cnr2.  This 
increase  in  Dit  is  consistent  with  published  data  on  post  oxidation  furnace  annealing  in  nitrogen  /8/.  It  has 
little  dependence  on  RTA  temperature  above  800°C,  gate  material,  or  RTA  temperature  ramp  rates.  There 
is  no  Djt  increase  if  RTA  is  performed  in  forming  gas.  The  RTA  induced  interface  states  may  be  explained 
in  terms  of  the  reduction  of  the  concentration  of  water  related  groups  and  the  increase  of  the  density  of  Si 
dangling  bonds  at  the  Si02/Si  interface  during  RTA  in  inert  gas  ambient.  These  interface  states  persisted 
after  400°C  30  min  anneal  in  forming  gas.  They  are  completely  annealed  out  after  a  500°C  pre-aluminum 
FG  anneal  for  30  min. 

RTA  also  induced  a  positive  VFB  shift  that  can  be  attributed  to  changes  in  the  density  of  interface  states 
and  fixed  oxide  charge.  A  reduction  in  positive  fixed  oxide  charge  after  high  temperature  anneal  in  an  inert 
ambient  was  reported  previously  /9,10/.  The  change  in  fixed  oxide  charge  is  further  confirmed  by  per¬ 
forming  RTA  in  forming  gas,  where  positive  shift  is  observed  without  any  increase  in  Dit.  Another  evidence 
of  the  change  in  fixed  oxide  charge  is  that  Dit  increase  is  independent  of  the  RTA  temperature  ramp  rate 
while  VFB  shift  is  bigger  for  higher  ramp  rate.  Our  data  shows  that  the  positive  VFB  shift  can  be  completely 
recovered  after  a  pre-metallization  FG  anneal  at  500°C  for  As-doped  n+  polysilicon-gate  capacitors. 

Fig.5  shows  VFjj  and  carrier  concentration  data  as  a  function  of  thermal  process.  The  first  case  (850°C 
30  min)  corresponds  to  case  A  of  Fig.l  where  the  low  (-0.6  V)  VFB  value  is  due  to  low  carrier  concentration 
at  the  polysilicon-oxide  interface.  The  second  and  third  case  correspond  to  RTA  at  1 100°C  with  or  without 
a  prior  furnace  anneal.  In  these  cases  the  carrier  concentration  at  the  interface  is  high  enough  for  degen¬ 
erately  doped  polysilicon  conditions  but  Vpa  is  still  low,  which  is  due  to  RTA  induced  changes  in  oxide 
charge  and  interface  states.  An  ideal  Vpa  value  (-0.92V)  is  achieved  if  an  additional  anneal  is  done  after 
RTA,  i.e.,  at  500°C  for  30  min  in  forming  gas  (the  one  to  anneal  out  interface  states)  or  at  800° C  for  15  or 
60  min  in  N2.  In  spite  of  the  decrease  of  carrier  concentration  after  800°C  furnace  annealing,  the  VFB  is  still 
the  expected  one,  suggesting  that  the  polysilicon  is  degenerately  doped  from  VFB  point  of  view  if  carrier 
concentration  at  the  oxide  interface  is  at  least  1019cnr3. 

5  -  INTEGRITY  OF  7  nm  GATE  OXIDE 

Fig.6  shows  that  RTA  at  1100°C  for  10  sec  in  N2  increases  the  average  time-zero  oxide  breakdown  field 
by  roughly  0.4  MV/cm.  Additional  anneal  at  800°C  for  1  hr  in  N2  has  no  extra  effect  on  the  breakdown 
strength.  Fig.7  shows  little  change  in  the  oxide  breakdown  charge  density  after  RTA  at  1 100°C  under  con¬ 
stant  current  (Fowler-Nordheim  tunneling)  stress  measurements.  The  improvement  in  breakdown  strength 
is  consistent  with  published  data  on  post-oxidation  annealing  effects  using  conventional  furnaces  /8/.  which 
can  be  attributed  to  the  reduction  of  water-related  groups  and  the  modification  of  sub-oxide  charge  state 
concentration  /8 /. 

6  -  CONCLUSION 

In  conclusion,  we  demonstrated  the  need,  feasibility,  and  advantages  of  using  rapid  thermal  annealing  to 
achieve  a  proper  As-doped  n+  polysilicon  work  function  on  very  thin  gate  oxide  with  little  dopant  redis¬ 
tribution  in  the  substrate.  The  importance  of  carrier  concentration  data  to  supplement  SIMS  data  has  been 
demonstrated.  Diffusivity  data  of  arsenic  in  polysilicon  for  furnace  annealing  and  RTA  has  been  extracted. 
The  effects  of  RTA  on  the  interface  states,  fixed  oxide  charge,  and  breakdown  strength  have  been  identified. 
The  integrity  and  quality  of  7  nm  gate  oxide  after  RTA  of  the  polysilicon  gate  can  be  preserved  by  means 
of  a  suitable  low  temperature  furnace  anneal. 
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Fig.l:  SIMS  (solid  lines)  and  carrier  concentration 
(dots)  profiles  of  As  in  2S0  nm  polysilicon  on  top 
of  7  nm  gate  oxide  after  850°C  30  min  furnace 
anneal  (A)  and  additional  RTA  at  1100°C  for  10 
sec  (B).  Dashed  curve  represents  the  as-implanted 
As  profile  (2x  1015  As/cm2, 30  KeV) 

T(*CI 


Fig.3:  Effective  diffusivity  of  As  along  the 
polysilicon  grain  boundary. 


centration  vs.  thermal  process.  250  nm  polysilicon; 
2xl015As/cm2, 30  KeV. 


Fig.7:  Breakdown  charge  density  vs.  stress  current 
for  the  control  and  RTA  samples  of  Fig.  6. 


DEPTH  (Bill) 

Fig.2:  SIMS  (solid  line)  and  carrier  (dashed  line) 
concentration  profiles  of  As  after  1000°C  (A), 
1050°C  (B),  and  1100°C  RTA  (C)  without  any 
prior  furnace  anneal.  250  nm  polysilicon; 
2  x  1015As/cm2, 30  KeV. 


I014 

1  [1 1 1 1  [ II 11 1 n TTf  T 1!  1 1 1 1 1 1 1 1 1 II 1 1  111  |r  11 

>l"'y 

:  RTA  Il00*c  IOmc  N2 - , 

I0's 

jWilW  — L. 

c<r 

- 

/  - 

1  10'* 

Vs 

— \ 

/  _ 

T 

RTA  1100‘C  10  stc  Np  +\ 

_ 

“  io" 

J 

400*C  30  min  F.G. - V 

_ 

s 

*•.  E 

F.-£— RTA  II00*C  10  ucN2i 

- 

io10 

— • 

:  500*C  30  min  F.G. 

— 

“  *, 

♦ox1 

7nm  : 

ItiVU 

1 1  lii  1 1  In  ill  iii  ill  in  1  mil  iii  <  lm 

iliiu 

'”-0.5 -0.4 

-0.3-02-0.1  0  Ol  0.2  0.3 

0.4  0. 

BANDGAP  ENERGY  (.V) 


Fig.4:  Interface  state  density  after  RTA  and  the  ef¬ 
fects  of  subsequent  pre-aluminum  anneals  in  form¬ 
ing  gas. 
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Fig.6:  Time-zero  oxide  breakdown  statistics  as  a 
function  of  thermal  process  history.  The  polysilicon 
of  control  devices  was  doped  degenerately  with 
4x  10*^As/cm2  at  30  KeV  and  950°C  annealing  for 
30  min  in  N2. 
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R6 snme  -  L'effet  des  diffdrentes  dtapes  de  fabrication  du  poly-siliciure 
sur  la  qualitd  resultante  du  dopage  p*  de  la  grille  est  examine.  En 
particulier  on  dtudie  la  diffusion  de  bore  en  correlation  avec  la 
contamination  en  oxigdne.  Le  rflle  de  1' interface  TaSia/poly-Si  et  de 
1' atmosphere  de  recuit  sur  la  redistribution  du  bore  est  montrS. 


Abstract  -  The  effect  of  different  polycide  fabrication  steps  on  the 
resulting  p-*-  gate  quality  is  investigated.  In  particular  the  boron 
diffusion  is  studied  in  correlation  with  the  oxygen  contamination.  The  role 
of  the  quality  of  the  TaSia/poly-Si  interface  and  of  the  annealing 
atmosphere  on  the  boron  redistribution  are  pointed  out 

1  -  INTRODUCTION 

The  TaSia/poly-Si  bilayers  constitute  a  well  suited  system  for  the  fabrication 
of  p*-gates  111 .  Nevertheless  controversial  results  concerning  the  boron 
redistribution  after  implantation  into  the  TaSia  layer  have  been  reported 
11,21 ,  questioning  the  p*  TaSia  polycide  quality,  i.e.  the  p-*-  work  function  <t>* 
reproducibility.  Earlier  experiments  suggested  a  correlation  of  the  boron 
profiles  with  the  oxygen  distribution  in  TaSia  131 .  Recently,  evidence  for 
TaBa  formation  after  high  dose  implantation  (2xlOl“cm-a)  has  been  reported 
/4/.  However,  the  effect  of  oxygen  contamination  in  TaSia  or  Ta-B  compound 
formation  on  the  B  outdif fusion  from  TaSia  into  the  poly-Si  is  yet  unclear. 

In  this  paper  we  first  discuss  the  effects  of  an  interfacial  oxide  on  the  B 
transport  across  the  TaSia/poly-Si  interface  and  point  out  the  importance  of 
poly-Si  surface  cleaning  prior  to  TaSia  deposition  for  good  p-*-  polycide 
behavior.  Next,  the  role  of  oxygen  on  the  B  diffusion  within  the  silicide  is 
discussed.  Finally  the  effects  of  annealing  ambient  on  the  B  redistribution  in 
the  p-*-  TaSia  polycide  are  investigated. 


2  -  EXPERIMENTAL 

MOS-capacitors  (0.01  to  8  mma)  with  TaSia/poly-Si  gates  were  fabricated  on  n- 
or  p-type  (100)  Si.  The  gate  oxide  thickness  was  25  nm.  The  poly-Si  cleaning 
prior  to  TaSia  sputtering  consisted  of  a  buffered  HF  dip  and  an  in-situ 
sputter  cleaning  with  Ar  ions.  The  silicide  films  were  prepared  by  Ta  and  Si 
cosputtering  to  a  thickness  of  200  nm.  The  Ta-Si  sandwich  thickness  was  ■» 
1.3nm.  After  TaSia  deposition  on  poly-Si  (100  nm)  the  wafers  were  covered  with 
a  CVD-oxide  (100  nm).  B  was  implanted  either  into  TaSia  or  into  poly-Si  prior 
to  Ta-Si  sputtering.  The  B  doses  urad  were  5xl01Bcm-a  and  2xl018cm-a.  Finally 
the  samples  were  annealed  at  900°C  in  a  Na  or  Ar/Ha  atmosphere. 

SIMS  profiles  of  B  and  oxygen  were  recorded  using  oxygen  (Oa*)  and  cesium 
(Cs~)  primary  ions,  respectively.  For  Capacitance-Voltage  C(V)  measurements 
the  oxide  cap  was  removed.  SIMS  measurements  were  done  before  and  after  the 
oxide  cap  etching;  the  SIMS  results  for  samples  with  and  without  oxide  cap  did 
not  differ.  B  implantation  standards  for  poly-Si  and  TaSia  were  used  to 
calibrate  the  B  SIMS  signal.  Unimplanted  polycide  samples  were  used  to 
determine  the  background  SIMS  signal.  For  B  (O'”  primary  ions)  the  background 
waB  3-Sxl0X7cm-3  in  TaSia  and  2-4xl0XBcm-3  in  poly-si.  The  oxygen  profiles 
(Cs~  primary  ions)  were  limited  by  a  background  of  about  103  counts. 
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3  -  WRSTIT.T  AND  DTRPTISSTOW 
3.1  -  TaSi 2 /POLY-Si  TNTERFAPE 


Earlier  experiments  with  TaSia  on  mono-Si  have  shown,  that  interfacial  oxides 
impede  B  transport  from  TaSia  into  mono-Si  /5/  for  TS900°C.  At  the  barrier 
brakes  down  /2,5/,  but  this  temperature  is  not  capatible  with  modern  CMOS 
processes .  In  order  to  elucidate  the  role  of  interfacial  oxide  on  poly-Si  on 
the  B  transport  across  the  TaSia/poly-Si  interface  at  900°C,  samples  with  and 
without  the  poly-Si  surface  cleaning  were  investigated. 

The  B  profiles  for  the  samples  with  appropiate  poly-Si  surface  cleaning  and 
with  interfacial  oxide  are  shown  in  Fig.  1.  The  B  profiles  can  be  roughly 
divided  into  a  region  af  low  B  diffusivity  (the  implanted  region),  and  a  tail 
region  of  fast  diffusing  B  (grain  boundary  enhanced  diffusion)  /1,6/.  There  is 
no  significant  difference  between  the  low  diffusivity  regions  of  both  type  of 
samples.  In  contrast  the  tail  regions  differ  significantly  (Fig.  1).  For  the 
clean  interface  sample  the  flat  tail  saturates  at  l-2xl019cm-3  /l,6/.  For  the 
sample  with  interfacial  oxide  the  B  concentration  in  the  tail  region 
continuously  decreases.  Additionally  a  pronounced  peak  is  observed  at  the 
TaSia/poly-Si  interface.  In  the  poly-Si  the  B  doping  is  very  low.  At  the  poly- 
Si/gate-oxide  interface  the  B  concentration  is  as  low  as  or  lower  than 
lxlO^’cm-3 . 

A  B  pile-up  is  a  characteristic  of  interfaces  between  thick  oxides  and 
silicide  /7,8/.  Fig.  2  shows  an  example  of  B  accumulation  at  the  oxide- 
cap/TaSi2  interface.  By  increasing  ''.he  implantation  energy  the  B  profile  peak 
is  moved  deeper  ii.to  TaSia,  and  the  B  accumulation  near  the  oxide  cap  (lOOnm) 
is  separated  from  the  implanted  region.  In  the  case  of  interfacial  oxide  the 
resulting  B  profile  exhibits  a  similar  B  pile-up  at  the  TaSia/poly-Si 
interface  (Fig.  1,  curve  b),  although  in  this  case  the  oxide  thickness  is  only 
3-5nm.  Furthermore,  the  charactersitc  B  distribution  in  the  tail  region  for 
the  TaSia/poly-Si  bilayers  (Fig.  1,  curve  a)  is  altered.  In  the  sample  with 
interfacial  oxide  the  B  profile  within  the  TaSia  layer  strongly  resembles 
those  obtained  for  TaSia  between  two  thick  oxide  layers  111 .  The  fast 
diffusing  B  accumulates  in  TaSia  near  and  at  the  TaSia/poly-Si  interface 
inducing  a  B  concentration  decrease  in  the  tail  region  deeper  in  the  TaSia 
layer. 


C(V)  measurements  confirmed  the  SIMS  results.  For  the  sample  with  interfacial 


Fig.  2 


Fig.  1  Boron  profiles  after  annealing  at  900°C  in  Na  for  samples  a)  with  doIv- 
Si  surface  cleaning  and  b)  with  interfacial  oxide.  1 

Fig.  2  Boron  profiles  after  annealing  in  Na  for  two  implantation  energies. 
Boron  was  implanted  into  the  as-deposited  silicide. 
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oxide  the  C(V)  characterstic  are  shifted  to  more  negative  gate  voltage  values 
indicating  a  lower  p-*--^.  This  consistent  with  the  insufficient  doping  of  the 
underlying  poly-Si  from  SIMS  measurements . 

3.2  -  OXYGEN  rONT  AMT  HATTON 

Fig.  3  shows  the  oxygen  profiles  for  the  samples  with  poly-Si  cleaning  and 
with  interfacial  oxide.  The  corresponding  B  profiles  are  shown  in  Fig.  1.  The 
oxygen  concentration  in  the  as-deposited  TaSia  layer  has  a  constant  value 
throughout  the  layer  and  the  poly-Si  is  largely  oxygen  free.  For  annealed 
samples  with  poly-Si  surface  cleaning  a  decrease  of  the  oxygen  concentration 
towards  the  oxide/TaSia  and  TaSia/poly-Si  interfaces  is  observed. 
Additionally,  oxygen  diffuses  into  the  poly-Si  increasing  its  oxygen  content 
by  several  orders  of  magnitude.  For  the  sample  with  interfacial  oxide  the 
oxygen  concentration  remains  quite  constant  in  TaSia  and  increases  near  the 
oxide/TaSia  interface.  The  poly-Si  remains  practically  oxygen  free.  The 
interfacial  oxide  appears  as  a  small  oxygen  peak  at  the  TaSia  interface. 
Apparently  an  interfacial  oxide  also  hinders  the  oxygen  diffusion  across  the 
interface . 

The  oxygen  profiles  for  samples  with  poly-Si  cleaning  with  and  without  B 
implantation  were  alike.  Moreover  for  a  B  dose  increase  from  5xl0:l-scm-2  to 
2xl016cm-2  no  dose  effect  related  to  the  oxygen  distribution  is  found.  It 
follows  that  neither  the  presence  of  B  nor  the  implantation  affects  the  oxygen 
distribution  in  the  polycide.  A  similar  oxygen  distribution  is  also  expected 
in  the  case  of  B  implantation  into  the  poly-Si  prior  to  TaSia  deposition.  In 
this  way  implantation  effects  within  TaSia  are  avoided.  As  shown  in  Fig.  4,  a 
widely  uniform  B  concentration  is  obtained  and  again  a  B  pile-up  near  the 
oxide/TaSia  interface  is  observed.  The  oxygen  concentration  near  the 
oxide/TaSia  interfaces  can  decrease,  increase  or  remain  at  a  constant  value 


Fig. 


3 


Fig.  4 


Fig.  3  Oxygen  profiles  for  a)  as-deposited  TaSia,  and  after  annealing  at  900°C 
in  Na  for  samples  b)  with  poly-Si  surface  cleaning  and  c)  with  interfacial 
oxide . 

Fig.  4  Boron  profiles  in  case  of  boron  implantation  into  poly-Si  prior  to 
TaSia  deposition:  a)  as-implanted  and  after  annealing  in  b)  Na  and  c)  Ar/Ha. 


though  in  either  case  B  accumulates  near  the  oxide/TaSia  interfaces.  This 
suggests  that  oxygen  does  not  significantly  affect  the  B  redistribution. 
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3.3  -  ANNEAT.TNC  AMRTRNT 

For  samples  annealed  in  Ar/Ha  dopant  loss  has  been  detected  in  spite  of  a 
lOOnm  oxide  cap  /3/.  In  order  to  investigate  the  dependence  of  the  B 
redistribution  on  the  annealing  ambient  (Ar/Ha  or  Na)  independently  of 
implantation  effects  in  TaSia,  B  was  implanted  into  undoped  poly-Si  prior  to 
TaSia  deposition.  The  same  poly-Si  surface  cleaning  was  used  as  described 
before. 

Typically  for  CMOS  processes,  after  the  gate  fabrication  step  the  remaining 
900°C  processing  time  is  180-250  min.  Fig.  4  shows  the  resulting  B  profiles 
after  annealing  in  Ar/Ha  or  in  Na  at  900°C  for  180  min.  After  annealing  most 
of  the  implanted  B  diffuses  into  the  TaSia  layer.  If  annealed  in  Na  a  high  and 
uniform  B  concentratin  (»2xl02ocm-3)  is  achieved.  For  Ar/Ha  anneals  a 
considerable  dopant  loss  occurs  in  spite  of  the  lOOnm  oxide  cap.  This  is  due 
to  the  increase  of  the  B  diffusivity  in  oxide  by  several  orders  of  magnitude 
in  case  of  Ha  containing  annealing  ambients  /9/.  Such  a  B  loss  to  the  oxide 
cap  is  only  possible  if  a  sufficient  B  supply  is  assured  by  the  TaSia  layer. 
This  suggests  that  the  grain  boundary  diffusionis  the  dominant  mechanism  for 
the  B  redistribution  even  for  long  annealing  times.  Other  mechanisms  such  as 
Ta-B  compound  formation  do  not  seem  to  significantly  affect  the  B 
redistribution.  Nevertheless  this  does  not  rule  out  that  B  in  TaSia  partly 
exists  as  TaBa . 

A  rough  estimate  gives  that  approximately  half  of  the  implanted  dose  is  lost 
if  annealed  in  Ar/Ha.  Although  for  B  dose  25*10iscm-a  the  polycide  p”_<J>i« 
remains  unchanged  (B  concentration  in  poly-Si  “  lxlO^cm-3 ) .  But,  on  the  other 
hand,  the  B  contamination  of  the  furnace  might  be  of  concern.  The  pol^-Si 
doping  does  not  depend  on  the  B  dose  for  doses  ^SxlO^cm-2  and  for  low  B  dopes 
the  resulting  B  redistributin  is  quite  independent  of  the  implantation  scheme 
/6/.  If  low  doses  are  used,  however,  subsequent  processing  must  avoid  Ha 
containing  anneals  in  order  to  assure  p*-«t>M  reproducibility. 

4  -  CONCLUSION 

In  summary  we  haver  shown  that  a  native  oxide  constitutes  an  effective 
diffusion  barrier  for  B.  Therefore  the  cleanliness  of  the  TaSia/poly-Si 
interface  is  a  crucial  factor  for  reproducible  p^-TaSia  polycide  gates.  The 
content  and  distribution  of  oxygen  in  the  polycide  does  not  affect  the  B 
diffusion.  Annealing  at  900°C  in  Ha  containing  ambients  leads  to  dopant  loss 
in  spite  of  a  thick  oxide  cap.  In  case  of  long  annealing  times  and/or  of  low  B 
doses  the  dopant  loss  would  reduce  the  p^doping  of  the  p-  polycide,  i.e.  of 
the  underlying  poly-Si  layer,  deteriorating  the  MOS  properties. 
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EFFECT  OF  DEPOSITION  TEMPERATURE  ON  PLASMA  GROWN  ALUMINUM  OXIDE  FILMS 
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Resume.— Les  propri£t£s  physiques  et  61ectriques  de  couches  minces  d'oxyde  d'aluminium 
d£pos£es  par  plasma  (13,56  MHz)  £  partir  de  trim£thylaluminium  sur  du  silicium  sont  fortement 
d£pendantes  de  la  temperature  a  laquelle  est  effectu£e  cette  croissance.  On  montre  que 
les  couches  se  densifient  lorsque  la  temperature  de  d6pflt  passe  de  I'ambiante  £  300°C. 

La  caracterisation  par  la  m£thode  C(V)  des  structures  MOS  fait  apparaftre  une  dispersion 
des  resultats.  Toutefois,  un  recuit  dans  Ar  +  02  £  350°C  et  pendant  une  heure  apporte  une 
amelioration  sensible  des  caract£ristiques  de  ces  films  (diminution  de  la  tension  de  bande 
plate  et  de  l'hysteresis). 


Abstract.-  The  physical  and  electrical  properties  of  aluminum  oxide  films  deposited  from 
aluminumtrimethyl  under  plasma  conditions  have  been  studied  as  a  function  of  the  silicon 
substrate  temperature.  It  is  shown  that  an  increase  of  the  temperature  entrances  the  oxidation 
reaction  and  gives  dense  films. 

The  C(V)  characterization  of  MOS  structures  shows  a  large  scattering  in  the  results.  However 
higher  temperature  (up  to  300°C)  gives  lower  flat  band  voltage,  lower  hysteresis  which  indi¬ 
cates  a  lowering  of  the  free  charges  in  the  oxide. 


1  -  INTRODUCTION 

During  the  past  years  there  has  been  a  great  interest  in  low  temperature  techniques  for  the  deposition 
of  insulator  films  for  the  purpose  of  insulation,  charge  storage,  diffusion  inhibition  and  processing 
of  optoelectronic  devices /V.  Silicon  oxide  is  now  frequently  used  in  electronic  devices  but  silicon 
nitride  and  aluminum  oxide  present  several  advantages  compared  with  silicon  oxide  :  a  higher  dielectric 
constant,  a  good  radiation  resistivity  and  are  good  barrier  against  the  diffusion  of  impurities.  These 
dielectric  characteristics  are  necessary  if  one  wants  to  obtain  electronic  components  with  stable 
and  reproducible  behaviour.  The  plasma  method  in  other  respects  permits  the  deposition  of  dielectric 
films  at  low  temperature  (  <  400°C)  and  enables  the  use  of  temperature  sensitive  substrate  as  III  -  V 
compounds. 

The  present  work  deals  with  the  influence  of  the  deposition  temperature  on  plasma  deposited  aluminum 
oxide  films  using  aluminumtrimethyl  as  aluminum  carrier  gas. 

2  -  EXPERIMENTAL  METHODS 

The  figure  1  is  a  schematic  diagram  of  the  glow  discharge  apparatus  used  in  this  study. 

Aluminum  oxide  films  have  been  deposited  by  decomposition  of  aluminum  trimethyl  diluted  in  helium 
(~  1  %  MA)  in  a  radiofrequency  discharge  (13.56  MHz)  with  carbon  dioxide  (CO2)  or  nitrous  oxide  (N2O) 
as  oxidizing  agent.  The  influence  of  several  parameters  such  as  RF  power,  pressure,  has  already  been 
studied /2/ .  Typical  deposition  pressures  of  13.3  Pa  (0.1  torr)  are  used  and  deposition  powers  are 
in  the  range  10-30  W.  The  deposition  temperature  can  be  choosen  between  room  temperature  snd 
4  50°C.  More  experimental  details  can  be  found  in  reference  2. 


C4-410 


JOURNAL  DE  PHYSIQUE 


Fig.  1  -  Schematic  diagram  of  the  glow  discharge  set  up  for  AlO^film  deposition. 

3  -  INFLUENCE  OF  THE  DEPOSITION  TEMPERATURE  UPON  GROWTH  KINETICS 

As  shown  in  figure  2  an  Arrhenius  plot  of  the  deposition  rate  as  a  function  of  the  temperature  results  in 
a  decrease  of  the  growth  rate  with  the  temperature  rise.  This  plot  also  gives  a  low  negative  apparent 
activation  energy  of  -  0. 4  kcal/mole  (-0.01 7  eV).  Such  a  low  apparent  activation  energy  is  representative 
of  a  deposition  rate  controlled  by  radical  flux  / 3/ . 


30  50  100  200  300  400  ®C 


3  2  1 

Fig.  2  -  Arrhenius  plot  of  the  dependence  of  the  growth  rate  on  the  substrate  temperature  : 

Pressure  13.3  Pa,  flow  rate  :  25  seem  60%  C02  50  %  C02. 

The  negative  temperature  coefficient  can  be  interpreted  by  the  competition  of  two  processes  :  aluminum 
incorporation  via  adsorption  of  aluminum  trimethyl  radicals  and  the  oxidation  of  aluminum  which  inhi¬ 
bits  deposition  sites.  Thus  the  increase  of  the  oxidation  reaction  rate  with  the  temperature  involves  the  de¬ 
crease  of  the  film  growth  rate  by  aluminum  incorporation.  Similar  re  jits  have  been  observed  with  N20. 

4  -  EVOLUTION  OF  PHYSICAL  PROPERTIES  AS  FONCTION  OF  THE  DEPOSITION  TEMPERATURE 

The  evolution  of  the  refractive  index  and  etch  rate  (room  temperature,  1%  HF)  are  reported  in 

fiq- 3-  r*<"»  l 


too  200  ?iX)  400  °C 

Fig.  3  -  Etch  rate  and  refractive  index  versus  deposition  temperature  :  Pressure  13.3  Pa,  flow  rate  : 
25  seem,  60%  CO,. 
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It  clearly  shows  the  densification  of  tne  films  with  the  higher  deposition  temperature.  This  densification 
is  characterized  by  the  increase  of  the  refractive  index  n  from  1.55  up  to  1.65.  This  variation  of  n 
corresponds  to  an  increase  of  the  film  density  from  1.8  up  to  3.2  g/cm\  These  density  values  are 
always  lower  than  sapphire  density  values  :  from  3.4  up  to  3.7  g/cm5.  ESCA  analysis  confirms  this 
enhancement  of  the  oxidation  of  Aluminum  with  the  deposition  temperature  (Table  1). 

Table  1  -  Atom  deposition  of  AlO^  layers  measured  by  ESCA. 


DEPOSITION 

TEMPERATURE 

ATOM  s 

WITHOUT  CLEANING 

ATOM  % 

AFTER  Ar  ION 
CLEANING 

T°C 

[0] 

[  Al] 

tC] 

[O] 

[Al] 

[C] 

room 

(50  %  C02) 

47, 4 

27,6 

25 

60,6 

3C 

9,4 

300°C 

(50  %  C02 ) 

53,9 

33 

13,1 

56,3 

38,7 

5 

300°C 

(60  %  C02) 

44,5 

32,7 

22,9 

55,3 

44,7 

- 

Most  of  the  carbon  of  the  high  temperature  films  is  due  to  pollution  of  the  layers  during  storage  while 
low  temperature  films  exhibit  Al  —  C  bonds  as  was  shown  by  IR  spectroscopy  / 2/ . 

5  -  ELECTRICAL  PROPERTIES 
5.1.  As  deposited  films 

C(V)  curves  of  film  deposited  on  n  type  silicon  have  been  obtained  by  using  a  mercury  probe  in 
order  to  constitute  a  MOS  structure.  The  results  present  a  large  dispersion  and  no  significant  evolution 
of  the  flat  band  voltage  can  be  observed  with  the  deposition  temperature  variation.  A  typical  C(V)  curve 
for  as  grown  films  is  given  in  fig.  4  a  and  is  dominated  by  a  large  hysteresis,  that  is  the  C(V)  curve  is 
dominated  by  large  flat  band  voltage  shifts  as  for  sputerred  A1203  films  / 4/  or  CVD  films  from  A1(CH3)3 
/5/.  Typical  values  for  effective  charge  levels  Q-j-are  given  in  Table  2  and  compared  with  the  results 
of  other  authors. 


Fig.  4-C(V)  curves  of  A12Oj  MOS  structure. 

a  :  as  deposited  film,  b:  after  one  hour  350°C  annealing  in  Ar/02(1/1),  c  :  after  two  hours 
350°C  annealing  in  Ar/Q2(1/1),  d  :  theoretical  curve. 


Table  2  -  Effective  charge  level  for  as  grown  AI2O3  films  deposited  by  various  methods. 


Deposited 

Method 

CVD 

AKCH,) 

CVD 

aici3 

Plasma 

oxidationi 

This 

work 

Charge 

density 

1  2 

-1.5,-510 

-310“ 

810  11 

(C02) 

410U,21012 

Qy  (cm' 

n2o 

-4  TO11, 6  10U 

Reference 

5 

6 

7 

C4-412 


JOURNAL  DE  PHYSIQUE 


5.2.  Effects  of  annealing  processes 

We  have  studied  the  effect  of  a  one  hour  annealing  (Ar/02  (1/1)  350°C)  on  the  electrical  and  physical 
characteristics  of  these  layers.  After  one  hour  annealing  a  noticeable  densification  occurs  :  thickness 
varies  from  2034  A  down  to  1410  A  while  refractive  index  grows  from  1.55  up  to  1.59. 

The  evolution  of  the  C(V)  curve  shown  in  figure  (4  b)  gives  a  decrease  of  the  hysteresis  and  of  the 
flat  band  voltage  which  are  characteristics  of  a  lowering  of  the  effective  and  free  charge  levels. 

After  a  second  annealing  of  one  hour  (At  =  2  h)  there  is  a  slight  variation  of  thickness  1410  A  down 
to  1380  A  but  a  deterioration  of  the  film  structure  substantiated  by  the  lowering  of  the  refractive 
index  from  1.59  down  to  1.49  and  of  the  oxide  capacitance  from  277  pF  down  to  162  pF.  This  effect 
was  also  observed  in  oxide  films  obtained  by  plasma  oxidation  /?/. 

6  -  CONCLUSION 

Aluminum  oxide  layers  obtained  using  plasma  deposition  fromAl(CH3)3  at  temperature  of  300°  and 
more  present  good  physical  and  structural  properties,  however  the  electrical  characterization  shows 
the  importance  of  the  insulator,  semiconductor  interface  and  the  need  of  a  better  control  of  trapped 
and  free  charges.  This  will  be  the  goal  of  our  future  work. 
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Resume  -  La  nitruration  superficial  1e  de  films  minces  ('v  13  nm)  de  Si02  peut  §tre 
stimulee  en  pratiquant  des  recuits  repetitifs  entre  900°C  et  1200°C  dans  une  faible 

pression  (<  10’1  mbar)  d'amioniac  de  purete  contrblee.  La  zone  superficielle  nitrur§e 
s'etend  alors  sur  3  a  4  nm  avec  une  dScroissance  rapide  de  la  concentration  d'azote  en 
fonction  de  la  profondeur.  Les  resultats  expSrimentaux  suggerent  que  les  espSces  amines 
NHx  (0  <  x  <  3)  sont  essentielles  dans  le  processus  de  nitruration  de  Si02  par  NHj.  Des 

structures  Al/Si02  nitruree/Si ( 100)p  ont  et6  fabriquees  in  situ  ou  non.  En  optimisant 
les  conditions  de  nitruration,  les  mesures  §lectriaues  revelent  une  faible  densite 

d'etats  d'interface  (1010  a  1011  eV-1  cm*2),  une  bonne  tenue  a  l'injection  d'Slectrons 
caract#ris6e  par  un  equilibre  entre  pifegeage  et  dgpiegeage  dans  la  region  nitrur6e  et 
un  champ  destructif  parfois  supSrieur  a  10  MV  curl. 


Abstract  -  Superficial  nitridation  of  thin  ('v  13  nm)  Si02  films  can  be  enhanced  using 
annealing  cycles  of  short  duration  at  high  temperatures  (900°C-1200°C)  in  low  pure 

ammonia  pressures  (.$  10_1  mbar).  The  nitrided  surface  region  is  3  to  4  nm  wide  with  a 
rapidly  decreasing  nitrogen  concentration  versus  depth.  The  experimental  data  suggest 
that  amine  NHx  (0  <  x  <  3)  species  are  essential  in  the  nitridation  process  of  Si 02 

using  NH~  gas.  Al-gate/nitrided  Si0,/Si(100)p  capacitors  have  been  prepared  in  situ  or 

J  c  10  11  -1 
not.  Electrical  measurements  show  that  a  low  interface-state  density  (10  to  10  eV 

_2 

cm  ),  a  good  stability  during  electron  injection  due  to  a  balance  between  trapping  and 
detrapping  in  the  nitrided  region  of  S10,  and  a  destructive  breakdown  field  as  high  as 

-1  c 
10  MV  cm  can  be  achieved  by  optimizing  nitridation  conditions. 


1  -  INTRODUCTION 

Superficial  nitridation  of  thin  Si02  films  grown  on  Si  would  modify  the  insulator  structure  in 

such  a  way  to  make  it  impervious  to  contaminant  diffusion  and  less  susceptible  to  degradation 
during  VLSI  processes  and  high-field  stresses,  without  damaging  the  electrical  characteristics 
of  the  SiOg/SI  interface.  The  nitridation  of  S102  thin  films  is  generally  accomplished  in  high 

ammonia  pressures  (P  »  1  bar)  and  at  high  temperatures  (900°C  <  T  <  1200°C)  /!/  using  excessi¬ 
vely  long  furnace  times  or  plasma-enhanced  processes.  Rapid  thermal  nitridation  at  high  tem¬ 
peratures  /2 ,3/  has  been  also  proposed  to  reduce  nitrogen  interfacial  concentration,  increase 
surface  nitridation  and  overcome  the  difficulty  of  dopant  redistribution.  However,  these 
various  processes  suffer  from  the  inability  to  control  the  spatial  nitrogen  distribution  in 
the  oxide  film  and  consequently  the  defect  density  in  the  oxide  bulk  and  at  the  Si02/S1 
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interface.  We  show  here  that  superficial  nitridation  of  very  thin  Si02  films  (thickness  of 

«13  nm)  thermally  grown  on  p-Si(lOO)  can  be  achieved  in  low  ammonia  pressures  (P  ^  lO^mbar) 
by  thermal  activation  (950°C  ,<  Tj  1150°C)  using  annealing  cycles  of  short  duration  (sequen¬ 
tial  mode).  The  purpose  of  our  study  is  to  understand  the  changes  in  electrical  properties 
correlated  with  the  composition  of  the  insulating  films  during  the  nitridation  process.  More¬ 
over,  this  study  should  lead  to  a  better  understanding  of  the  nitridation  mechanisms  of  thin 
thermal  Si02  films  and  then  to  a  limitation  of  nitrogen  incorporation  in  the  surface  region. 


2  -  EXPERIMENTAL  METHODS 

The  nitrogen  content  of  the  thermal  oxides  as  a  function  of  nitridation  parameters  (T,  P, 
annealing  duration  At,  total  nitridation  time  t)  has  been  investigated  using  several  analyti¬ 
cal  technioues.  Nitrogen  depth  profiles  in  the  nitrided  films  were  measured  by  AES  in  con¬ 
junction  with  argon  ion-sputtering  and  SIMS.  The  elemental  composition  and  chemical  bonding 
were  studied  by  AES,  XPS.  Raman  (R  S  )  and  infra-red  (IRS)  spectroscopies.  Some  electrical 
measurements  by  use  of  I ( V ) ,  C(V,w)-G(V,oi)  and  DLTS  techniques,  time-dependent  breakdown  and 
trapping-detrapping  measurements  have  been  performed  on  A1  gate  MIS  devices  prepared  in  situ 
or  not  with  thermal-nitrided  oxide  gate  insulators  to  relate  the  electrical  properties  to  the 
elemental  composition. 


3  -  RESULTS  AND  DISCUSSION 

Enhancement  of  surface  reaction  was  observed  for  sufficiently  large  nitridation  times 
(4  h  <  t  <  10  h) ,  T  >,  950°C  and  P  >„  10-3  mbar  /4,6/  as  shown  in  figure  1.  Moreover,  the 
reaction  rate  during  the  first  nitridation  stages  increased  for  the  shortest  annealing 
periods  (At  4  10  min).  In  these  conditions,  a  temperature  rise  above  o,  950°C  did  not  affect 
markedly  the  reaction  rate.  The  experimental  data  suggest  that  amine  NHX  (0  <  x  <  3)  species 
are  essential  in  the  nitridation  process  (Fig.  2)  :  these  species  have  to  diffuse  through  the 
surface  layer  to  react  with  Si02-  The  thermal  reaction  proceeds  via  the  replacement  of  oxygen 
atoms  following  probably  successive  reactions  predicted  in  the  literature  :  the  final  products 
expected  are  eventually  nitride  and/or  higher  order  amine  groups  with  the  loss  of  oxygen  in 
the  form  of  water.  The  nitrogen  pile-up  at  the  Si02/Si  interface  was  hardly  detectable  and  the 
reaction  was  essentially  localized  in  the  surface  region  of  Si 02 .  In  our  case,  surface  reac¬ 
tion  enhancement  can  be  attributed  to  various  complementary  factors,  including  a  dry  ammonia 
ambient,  a  low  concentration  gradient  of  nitriding  species  and  a  rapid  decrease  of  the 
diffusion  coefficient  of  NHx  groups  when  increasing  the  nitrogen  concentration. 


Fig.l  -  (a)  N  Auger  depth  profiles  from  a  nitrided  Si 02  film  (P  =  10_1mbar  -  T  =  1024°C  - 
t  =  lOh)  using  different  sputtering  rates  (1  nm.min-1  :  $  and  0.2  nm.min-1  :  0)  ;  (b)  SIMS 
profiles  of  Si -N  and  N-0  from  a  Si 02  film  reacted  at  T  =  1045°C  (P  =  10'3  mbar)  during 
t  =  4h  and  the  corresponding  interfacial-state  density  vs.  energy.  The  nitrogen  concentration 
is  quite  negligible  in  the  Interfacial  region. 
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Fig .2  -  (a)  Nls  and  Si2p  photoemission  lines  (T  =  1024°C  -  P  =  10~3  mbar  -  t  =  5h)  for  two 
vertical  sampled  depths  (about  2  nm  (9  =  20°)  and  4  nm  (6  =  45°)  with  respect  to  the  Nls 
line)  ;  (b)  Infra-red  spectrum  of  the  same  reacted  sample.  Nitride  species  are  mostly  loca¬ 
lized  near  the  insulator  surface. 


The  effect  of  nitridation  on  the  flat-band  voltage  shift  AVpg  was  analysed  by  comparison  of 
simulated  ideal  and  actual  C-V  curves,  AVp8  was  in  the  range  -1  to  0.8  V  depending  on  nitri¬ 
dation  conditions  and  was  related  to  the  nitrogen  distribution  within  the  nitroxide.  The  small 
positive  charge  density  created  (negative  AVfb)  was  generated  rapidly  during  the  initial 
nitridation  process  and  is  correlated  with  trapping  by  Si-OH  or  Si -H  groups  resulting  from 
Si-0  bond  breaking  and/or  Si-dangling  bonds  generated  by  in-diffusion  of  H  species  (as  shown 
by  SIMS,  XPS  and  IRS  analysis).  After  a  long  nitridation  time  (t  >  90  min),  the  C-V  characte¬ 
ristic  was  shifted  in  positive  bias  direction  due  to  either  a  longer  heat  cycle  or  an  increase 
of  nitrogen  concentration.  The  amphoteric  and  deep  =Si  centers  produce  a  density  of  states 
peak  near  midgap  (electro-optical  measurements  :  UV  photo-ionisation)  ;  they  will  thus  show 
two  levels  :  a  lower  +/0(=Si°)  trapped  hole  level  and  a  higher  0/-(=Si")  trapped  electron 
level.  The  interface  densities  are  evaluated  from  C  (V,u>)  and  G(V,w)  curves  or  from  DLTS. 
Before  nitridation,  the  midgap  surface-state  density  at  the  Si02/Si  interface  is  1010  eV_1. 
cm'2  ;  a  sufficiently  low  interface-state  density  (1  to  10. lO1^  eV*l.cm-2)  can  be  achieved  by 
optimizing  nitridation  conditions  (Fig. lb).  As  observed  from  conduction  and  I-V  characteris¬ 
tics,  at  high  electric  field,  the  Fowler-Nordheim  (FN)  tunneling  remains  the  dominant 
mechanism  in  nitrided  oxide,  similar  to  the  oxide  (Fig. 3).  Electron  injection  from  metal  gate 
or  from  the  substrate  into  insulating  layers  was  accomplished  by  FN  tunneling  :  the  nitrided 
oxide  having  the  highest  nitridation  rates  did  not  show  catastrophic  dielectric  breakdown 
(before  reaching  saturation)  but  rather  exhibited  a  balance  between  injected  electron  trapping 
and  tunnel  detrapping  (Fig. 4).  The  final  destructive  breakdown  field  was  measured  by  applying 
a  negative  bias  voltage  to  the  A1  electroce  at  a  definite  sweep  rate  :  it  varied  from 
2  MV.cro*!  to  >  10  MV.cm'l  depending  on  the  nitridation  parameters. 
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(a)  (b) 


Fig. 3  -  (a)  I(V)  characteristics  for  different  MIS  structures  (o.e  :  nitrided  oxides,  □: oxide), 
(b)  J/E2  vs.  1/E  for  different  MIS  structures  (J  =  current  density;  E  =  electric  field  across 
the  film)  :  the  FN  tunneling  is  the  dominant  conduction  mechanism. 


Fig. 4  -  (a)  Flat-band  voltage  shift  vs.  injected  electron  number  (curves  A.B.C.D).  (b)  Flat 
band  voltage  relaxation  (curves  C.D).  (A):  nitrogen  to  oxygen  ratio  r  =  0.5  (1045°C,  10*4mbar, 
7.5h),  (B):  r  =  0.45  (1045°C,  5.10-4mbar,  4h),  (C)  and  (D):  r  =  2.3  (1045°C,  10-3mbar,  4h). 


4-  CONCLUSION 

Superf i ci a  1 -enhanced  thermal  nitridation  of  Si 02  thin  films  has  been  carried  out  by  thermal 
activation  in  low  pure  ammonia  pressures.  Amine  NHX  species  have  to  diffuse  through  the  surfa¬ 
ce  layer  to  react  with  Si02.  The  electrical  properties  measured  with  A1  gate  MIS  structures 
show  that  nitrided  oxide  films  will  be  good  quality  gate  insulators  for  future  scaled-down 
VLSI  devices. 
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PROCESS  DEPENDENCE  OF  HOLE  TRAPPING  IN  NXTRIDED  S102  FILMS 
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CNR,  Istituto  LAMEL,  Via  de '  Castagnoli  n.l,  1-40126  Bologna.  Italy 


R6sum6  -  On  a  effectu6  une  analyse  si.st6mati.que  du  piSgeage  des  trous  dans  des  couches 
minces  (20-30  nm)  d' oxide  nitrurS  avec  la  technique  de  1' injection  a  avalanche,  en 
fonction  des  conditions  de  nitruration.  La  nitruration  realist  5  temperatures  relati- 
vement  basses  (700-800°C)  et  pour  des  temps  courts  produit  une  augmentation  des  pifeges 
des  trous.  La  reduction  du  piSgeage  des  trous  peut  4tre  obtenue  seulement  avec  des 
conditions  de  nitruration  plus  sSvferes.  On  a  6tudi6  aussi  l'effet  du  rfecuit  en  atmos¬ 
phere  d'oxygSne  aprSs  nitruration. 


Abstract  -  A  systematic  investigation  of  hole  trapping  in  20-30  nm  nitrided  oxides  as 
a  function  of  the  nitridation  conditions  were  performed  using  the  avalanche  injection 
technique.  Nitridation  carried  out  at  relatively  low  temperatures  (700-800°C)  and  for 
short  times  brings  about  an  increase  of  hole  traps.  Hole  trapping  reduction  can  only 
be  achieved  for  more  severe  nitridation  conditions.  The  effect  of  postnitridation 
annealing  in  oxygen  was  also  studied. 


1  -  INTRODUCTION 

Thermally  nitrided  SiO  films  are  being  extensively  investigated  in  order  to  improve  several 
properties  of  the  insulator  in  metal-oxide-semiconductor  structures  for  VLSI.  In  particular, 
it  has  been  inferred  from  high  field  stress  that  hole  traps  in  nitrided  oxides  are  reduced  to 
very  low  levels  /l/.  Very  recently  /2/,  this  has  been  confirmed  by  direct  measurements  using 
hole  avalanche  injection.  By  using  the  same  technique,  in  this  work  we  have  performed  a 
systematic  investigation  of  hole  trapping  in  20-30  nm  nitrided  oxides  as  a  function  of  the 
nitridation  conditions  and  postnitridation  annealing  treatments. 

2  -  EXPERIMENTAL 

n-type  (100) -oriented  silicon  substrates  with  a  resistivity  of  0.1  ohm. cm  were  used.  20-30  nm 
gate  oxide  films  were  thermally  grown  in  dry  oxygen  at  1000°C  in  quartz-tube  furnace  and 
in-situ  annealed  at  the  same  temperature  in  N  for  10  min.  Thermal  nitridation  was  carried 
out  in  ultrapure  ammonia  gas  at  temperatures  “between  700  and  1100°C  and  for  times  ranging 
from  5  to  60  min  in  a  cold-wall  rf-heated  reactor  at  atmospheric  pressure.  Some  of  the 
nitrided  oxides  were  subsequently  annealed  in  oxygen  at  90g-10^0'C.  Aluminum  and  gold  were 
deposited  by  evaporation.  Electrodes  with  areas  of  2.46x10  cm  were  formed  by  photolitho¬ 
graphy  or  using  a  metal  mask.  In  some  Al-gate  samples,  a  post  metallization  anneal  (PMA)  in 
nitrogen  at  450°C  for  20  min  was  performed.  Avalanche  injection  was  achieved  with  a  150-kHz 
sawtoot^  signal.  The  average  injected  current  density  was  kept  constant  at  a  value  of 
1.2x10  A/cm  .  All  the  measurements  were  done  at  room  temperature.  The  oxide  charge  buildup 
was  monitored  by  periodically  interrupting  the  injection  and  performing  C-V  measurements. 

3  "  RESULTS  AND  DISCUSSION 

Let  us  first  discusB  some  experimental  results  obtained  on  standard  SiO  films.  Fig.l  shows 
the  negative  flatband  voltage  shift  upon  hole  injection  for  A1  and  Au  gate  capacitors  with  30 
nm  SiO^.  Two  features  are  worth  noticing!  a)  Au  and  A1  gate  capacitors  before  PMA  show  very 
similar  hole  trapping  behavior.  This  result  rules  out  that  electron  injection  from  the  gate 
gives  a  significant  contribution  to  the  voltage  shift,  b)  PMA  treatment  reduces  hole  trapping 
in  A1  gate  samples.  This  result  is  in  agreement  with  some  indications  already  reported  in  the 
literature  without  discussion  /2-4/.  On  the  other  hand,  hole  trapping  in  Au  gate  samples  does 
not  practically  change  by  performing  an  anneal  in  forming  gas  before  metallization.  It  is  our 
opinion  that  the  effect  of  PMA  is  related  to  the  modification  of  the  stress  at  the  SiO  /Si 
interface  brought  about  by  the  PMA  itself.  Upon  cooling  to  room  temperature,  thermal  mismatch 
leads  to  a  large  tensile  stress  in  the  A1  film  /5/  which  counteract  the  compressive  stress  in 
the  SiO,.  In  this  way,  the  density  of  the  strained  Si-O-Si  bonds  near  the  Si/SiO,  interface 
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Fig.l  -  Negative  flatband  voltage  shift  by  avalanche  injection  of  holes  in  30  nm  SiO  with  as 
deposited  Al  (dashed  curve)  and  Au  (solid  curve)  gate.  For  Al,  data  are  also  shown  after  PMA. 

might  be  reduced.  Strained  bonds  near  the  interface  have  been  suggested  as  one  of  the  defects 
which  can  give  rise  to  hole  traps  /3/.  The  possibility  that  mechanical  stress  in  Al  gate 
might  reduce  the  strained  bonds  was  first  proposed  by  Chin  and  Ma  /6/  in  discussing  the 
generation  of  interface  states  by  ionizing  radiations. 

Now  we  turn  to  discuss  the  trapping  properties  of  the  nitrided  oxides  with  Au  gate  elec¬ 
trodes.  Similar  results  were  obtained  in  Al  gate  samples.  Fig. 2  shows  the  effect  of  the 
nitridation  temperature  from  700“C  to  1100°C  on  the  hole  trapping  in  30  nm  SiC>2  films. 


TIME  [«102sec] 


Fig. 2  -  Effect  of  nitridation  temperature  on  thj  ho^Le  trapping  in  30  nm  SiO^  with  Au  gate. 
Nitridation  time  was  30  min.  Dot  area  =  2.46xl0~  cm  . 

As  can  be  seen,  nitridation  at  700  and  800°C  increases  hole  trapping  with  respect  to  the 
standard  oxide,  while  at  higher  temperatures  a  remarkable  decrease  is  obtained.  We  believe 
that  the  effect  on  hole  trapping  is  strictly  related  to  the  nitridation  kinetics  /7,8/.  For 
low  nitridation  temperatures  (700-800'1C)  and/or  for  short  times,  there  is  a  pile  up  of 
nitrogen  at  the  Si/SiO^  interface.  In  these  conditions,  hole  traps  increase.  However,  when 
the  nitridation  process  is  carried  out  at  higher  temperatures  and/or  for  longer  times,  the 
nitrogen  peak  moves  away  from  the  interface  and  an  oxygen-rich  layer  grows.  The  formation  of 
this  layer  has  been  attributed  to  the  oxygen  released  by  the  exchange  reaction  in  the  bulk  of 
the  oxide  /8/.  This  oxygen  may  help  in  reducing  the  oxygen  deficiency  near  the  Si/insulator 
interface  which  has  been  suggested  to  be  one  of  the  cause  for  hole  traps  /9/. 

To  test  this  hypothesis  we  have  performed  some  experiments  by  varying  the  nitridation  time  at 
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a  fixed  temperature  (900 °C) .  The  results  are  reported  in  Fig. 3.  For  a  short  nitridation  time, 
hole  trapping  steeply  increases,  in  correlation  with  the  rapid  increase  of  the  nitrogen 
concentration  at  the  Si/dielectric  interface.  With  increasing  nitridation  time,  oxygen  dif¬ 
fuses  to  the  interface  and  the  hole  traps  decrease.  It  is  interesting  to  note  that  satura- 
ration  has  been  observed  for  a  60  min  nitridation. 


Fig. 3  -  Effect  of  nitridation  time  on  the  hole  trapping  in  30  nm  Si02  with  Au  gate.  Nitrida¬ 
tion  temperature  was  900°C.  The  arrow  indicates  breakdown. 

A  decrease  in  the  strain  in  the  interfacial  region  with  the  increase  of  nitrogen,  as  already 
suggested  /2/,  may  give  a  further  contribution  to  the  reduction  of  the  hole  trap  density. 

The  reduction  of  the  hole  traps  brings  about  a  reduction  of  the  interface  states  generated 
upon  avalanche  injection  of  holes,  as  can  be  seen  in  Fig. 4,  which  shows  quasi-static  C-V 
curves  after  100  sec  of  injection  for  pure  oxide  and  for  oxides  nitrided  at  OOO’C  for  30  min. 
These  results  confirm  those  reported  in  /2/. 


Fig.  4  -  Quasi-static  C-V  curves  for  20  nm  £?i0  for  nitrided  oxide  after  100  sec  of  hole 

injection  with  a  current  density  of  1.2x10  A/cm  . 

It  is  interesting  to  observe  that  similarities  and  differences  exist  between  hole  and  elec¬ 
tron  trapping  in  nitrided  oxides.  Contrary  to  hole  traps,  electron  traps  increase  with  the 
nitridation  temperature  /10/j  however,  an  interfacial  phenomenon,  like  the  "anomalous  positi¬ 
ve  charge"  (APC)  generation  during  electron  avalanche  injection,  shows  the  same  nitridation 
temperature  and  time  dependence  as  hole  trapping,  suggesting  a  possible  correlation  between 
trapped  holes  and  APC. 

Finally,  we  would  like  to  discuss  some  preliminary  results  on  the  effect  of  postnitridation 
heat  treatments.  The  dependence  of  hole  trapping  on  high  temperature  annealings  in  oxygen  is 
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illustrated  in  Fig.  5  for  oxides  nitrided  at  900°C.  It  can  be  seen  that  hole  trapping  in¬ 
creases  dramatically  for  the  annealing  at  9S0°C  for  15  min,  while  it  gradually  decreases  by 
performing  more  severe  oxidizing  treatments.  Eventually,  for  a  60  min  annealing  at  1000°C  a 
hole  trapping  lower  than  that  in  as-nitrided  oxides  is  obtained.  The  increase  in  the  hole 
trapping  is  probably  due  to  the  extension  of  the  strained-bond  region  towards  the  oxide  bulk 
through  a  viscous  flow  process  during  the  anneal  at  high  temperature  (>  950°C)  /3,4/.  Only 
when  oxygen  succeeds  in  penetrating  the  SiON  barrier  and  reaches  the  interface,  the  hole 
traps  can  be  reduced. 


Fig.  5  -  Effect  of  postnitridation  heat  treatments  in  oxygen  on  the  hole  trapping  in  30  nm 
Si02  nitrided  at  900°C  for  30  min. 


4  -  CONCLUSIONS 

We  have  found  that  hole  trapping  in  nitrided  oxides  depends  on  the  nitridation  conditions  and 
on  the  postnitridation  heat  treatments.  A  reduction  of  hole  trapping  can  only  be  achieved  for 
relatively  severe  nitridation  conditions  (temperature  >  900°C  and  time  >  15  min) .  This 
reduction  has  been  correlated  with  the  formation  of  an  oxygen-rich  layer  near  the  Si/insu¬ 
lator  interface.  A  postnitridation  O^  anneal  can  increase  or  decrease  the  hole  traps:  its  ef¬ 
fect  depends  critically  on  the  temperature  and  time  of  the  process. 
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R6sum6  -  line  nouvelle  technique  de  nitruration  plasma  d'oxyde  a  6t6 
d^veloppee  pour  les  isolants  de  grille  tris  minces.  Les  propri6tis 
d’ interface  sont  conserves  apris  nitruration  en  plasma  d’ ammoniac  4 
950°C.  Un  excellent  comportement  des  transistors  4  grille  nitrurte  lors 
d’ experiences  de  vieillissement  a  6t6  relevfe  ;  1’ absence  de  d6fauts 
dus  au  plasma  illustree  par  les  rendements  de  mfemoires  SRAM  indique  la 
compatibility  du  proc£d£  avec  la  production. 

Abstract  -  A  new  technique  of  plasma  nitriding  oxide  has  been  developed 
for  very  thin  gate  insulators.  The  interfacial  properties  are  preserved 
after  plasma  nitridation  in  ammonia  at  950°C.  Excellent  behaviour  is 
observed  during  aging  experiments  on  transistors  using  nitrided  oxide 
as  the  dielectric  gate  ;  the  absence  of  defects  due  to  the  plasma  as 
illustrated  by  the  yield  achieved  for  SRAM  memories  suggests  the 
process  compatibility  with  production. 

1.  INTRODUCTION 

In  MOS-IC  technology,  interest  devoted  to  very  thin  films  of  nitrided  silicon  dioxide  is 
mainly  due  to  their  barrier  properties  (1).  Furthermore,  it  has  been  reported  that  nitrided 
dielectrics  show  less  wear-out  and  radiation  sensitivity  than  silicon  dioxide  (2).  Whatevei 
the  nitridation  process,  thermal  or  plasma,  the  key-point  is  to  obtain  surface  nitridation 
without  degrading  the  initial  SiOo  /  Si  electrical  performance.  In  this  paper,  we  report 
electrical  characterization  of  MIS  structures  and  MOS  test  transistors  of  SRAM  devices 
using  dielectrics  prepared  by  direct  plasma  nitridation  of  dry  thermal  Si02- 

2.  EXPERIMENTAL  PROCEDURES 

The  ammonia  plasma  treatments  were  performed  in  the  Unit  of  Reactive  Anodization  for 
Nitridation  and  Oxidation  of  Semiconductors  (U.R.A.N.0.5. )  which  is  a  multiwafer  set-up 
compatible  with  IC  production  (3).  The  13  MHz  R.F.  plasma  is  created  through  external 
electrodes  located  away  from  the  reaction  region  so  that  no  energetic  particles  could 
attain  the  wafers.  Thermal  oxides  (from  10  to  25  nm)  prepared  at  950°C  in  dry  O2  were 
nitrided  from  one  to  six  hours  at  950°C  using  NHj  at  3.  10”*  mbar  (hPa)  with  an  incident 
power  of  600  W.  Some  of  the  nitrided  samples  were  annealed  in  low  pressure  dry  O2  at  the 
nitridation  temperature.  Capacitors  electrodes  were  defined  using  photolithography.  Device 
testing  was  performed  after  a  postmetallization  anneal  in  N2/H2  at  450°C  for  30  min.  High 
frequency  and  quasi-static  C(V)  measurements  on  structures  prepared  with  aluminum  and 
polysilicon  as  the  gate  material  were  used  to  determine  the  fixed  charge  Nf  and  interface 
trap  densities  Dit.  The  breakdown  voltage  of  nitrided  SiO?  films  were  investigated  by 
applying  a  fast  ramp  voltage  (25  V/s).  The  breakdown  voltage  (Vbd)  was  defined  as  the  gate 
voltage  at  which  a  current  density  of  1  x  10"^  A  cm"*  flows  through  the  oxide.  Each 
histogram  is  the  result  of  85  measurements  on  the  same  wafer.  Aging  experiments  based  on 
transconductance  degradation  measurements  were  performed  on  NM0S  transistors  using  25  nm  as 
grown  and  nitrided  oxides  as  the  gate  insulator.  Finally,  SRAM  devices  including  the  plasma 
nitridation  gate  process  were  tested  and  their  yields  were  compared  to  control  wafers  using 
the  same  2  p  design  rules  CMOS  technology. 

3.  RESULTS 

Typical  high  frequency  and  quasistatic  C(V)  curves  of  a  capacitor  with  15  nm  thick  oxide 
after  3  hours  nitridation  on  P-type  Silicon  using  N+  Polysilicon  electrode  is  shown  in  Fig. 

1.  Prom  the  flat  band  shift  as  compared  to  the  control  oxide,  an  increase  in  Nf  (dNf)  up  to 

2.  10iJ-  cm~‘  is  observed  while  the  midgap  Oit  remains  unaffected  (2.  10*°  ciir^.eV"*).  The 
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Figure  I.  high  frequency  and  quasi  static  C(v)  curves 
for  a  3  hours  nitrided  15  tun  dielectric  using  a  N  ' 
Potysilicon  electrode  on  P  -  Si  with  S  -  0.38  mm2. 


Figure  □.  Fixed  charge  and  interface  trap 
creation  during  the  nitridation  of  15  nm 
oxides. 


kinetics  of  interface  trap  and  fixed  charge  build-up  are  plotted  in  fig.  2  as  a 
fonction  of  the  nitridation  time.  It  indicates  the  continuous  incorporation  of 
positive  charges  with  the  time,  an  effect  which  has  also  been  reported  for  pure 
thermal  nitridation.  But  in  contrast  with  thermal  processes,  interface  trap 
levels  are  scaled  down  after  plasma  nitridation.  These  results  were  confirmed  by 
precisely  measuring  the  Nit  distribution  using  DLTS  for  10  nm  nitrided  oxide  on  N 
and  P  substrates.  The  data  on  P  type  silicon  summarized  in  table  I  show  that  the 
average  midgap  Oit  is  reduced  after  3  and  6  hours  below  the  initial  oxide 


TABLE  I.  Dit  (eV'^.ca'^  )determincd  by  D.L.T.S.  TABLE  II.  Effect  of  Oj  poet  -  nitridation  anneal  on 

for  10  nm  oxides  on  P  type  Silicon.  the  VFB  distribution  (264  capacitors/wafer) 

<  VFB  >  -mean  value,  o(VFB)=std  dev. 


Oxide  Nitrided 

as  grown  1  Hour  3  Hours  6  Hours 


1-2  1010 

2  1010 

5  109 

2-3  109 

15  nm 

Oxide 
as  grown 

2  Hours 
Nitrided 

2H  Nitrided 
+  O2  .anneal 

<VFB> 

-0.66 

-0.83 

-0.73 

o(VFB) 

.02 

.10 

.06 

dNfxlO11 

2.4 

1.0 

level.  This  low  defect  density  can  be  explained  by  the  low  nitrogen  incorporation 
in  the  bulk  and  at  the  interface  already  reported  for  plasma  nitrided  oxides  (1). 

A  low  pressure  oxygen  anneal  performed  just  after  a  2  hours  nitridation  under  the 
same  pressure  and  temperature  conditions  was  tested  for  a  15  nm  oxide.  As  shown 
in  table  II,  the  fixed  charges  were  mostly  eliminated.  Furthermore,  the  Vfb 
distribution  over  the  wafer  was  also  improved  after  this  02  anneal.  Statistical 
measurements  of  the  breakdown  voltage  Vbd  in  Fig.  Ill  reveal  that  nitridation 
does  not  induce  defect  in  the  dielectrics  and  that  the  breakdown 
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characteristics  of  the  initial  oxide  (avg.  Vbd  =  15.5  V,  a  =  0.3  V)  are 
maintained  or  ligthly  improved  after  nitridation  (avg.  Vbd  =  15.7  V,  a  =  0.2  V). 


Figure  III.  Histogams  of  Vbd  for  a  3H  nitrided  aa 
compared  to  the  control  oxide,  biaa  (-)on  the  metal. 


Figure  IV  shows  the  evolution  of  the  flat  band  voltage  Vfb  for  the  original 
oxide  as  compared  to  the  nitrided  oxide  structures  during  a  Fowler-Nordheim 
injection  from  the  gate  into  the  dielectrics.  The  curves  show  that  the  nitrided 
oxide  presents  less  modification  during  the  experiment  than 


Time  (s) 


Figure  IV.  Change  in  flat  band  voltage  during 
Fowler  -  Nordheim  injection. 


Figure  V.  Comparison  of  transconductance  degradation 
(dCm/dCmQ  %)  between  nitrided  (1  and  2)  and  non 
nitrided  (3  and  4)  transistors. 


the  thermal  oxide.  Similar  results  were  obtained  for  the  Dit  measurements.  Stress 
measurements  were  performed  on  NMOS  transistors  using  25  nm  nitrided  and  standard 
oxides.  Transconductance  tests  are  reported  on  Fig.  V  for  devices  with  channel 
lengths  between  1  and  1.3  micron  with  the  conditions  indicated  in  table  III.  In 
spite  of  the  channel  length  sligthly  shorter  for  the  nitrided  dielectrics,  the 
transconductance  degradation  is  reduced  with  respect  to  the  non  nitrided  oxide. 
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TABLE  III.  Voltage  aging  conditions,  effective  channel  length  and 
transconductance  degradation  (dGm  %)  for  nitrided  (1,  2)  and  non 
nitrided  transistors  (3,  4). 

Transistors  1  234 


Leff 

VG 

VO 


dGm  % 

(for  100H) 


Based  on  the  time  dependent  law  A.tn  (3),  an  extrapolation  of  the  transconductance 
degradation  (dGm  “)  for  a  100  hours  stress  gives  the  results  indicated  in  table  III.  This 
seems  to  indicate  that  aging  reduction  after  plasma  nitridation  is  related  to  the  low 
interface  trap  density. 

Plasma  nitridation  of  the  gate  insulator  was  applied  on  2  microns  design  rule  CMOS 
technology  including  60  SRAM  (6  Transistors/point)  memories  and  test  transistors  without 
any  attempt  to  adjust  the  VT  shifts  due  to  the  fixed  charges  and  without  post  nitridation 
anneal.  A  strong  correlation  has  been  noticed  between  higher  fixed  charge  and  lower 
circuit  yields  regions  over  the  wafer.  The  yield  reduction  (average  15“  with  31#  for  the 
best  nitrided  wafer  versus  60S  avg.  for  the  non  nitrided  set  of  wafers)  is  only  attributed 
to  tne  VT  shift  as  no  other  defect  was  detected  in  the  other  test  devices  . 

4.  CONCLUSION 

Our  study  shows  that  the  plasma  nitridation  of  Si02  films  used  as  dielectric  gate 
insulators  does  not  affect  the  electrical  characteristics  of  the  MIS  structures.  The 
reduction  in  interface  trap  density  seems  to  be  a  characteristic  of  plasma  nitridation 
which  is  also  associated  with  lower  trapping  and  better  aging  behaviour  for  N  transistors. 
The  threshold  voltage  of  the  transistors  is  shifted  due  to  the  presence  of  fixed  charges 
which  can  be  substantially  reduced  through  a  subsequent  02  anneal.  Absence  of  other 
defects  demonstrates  the  possible  utilization  of  plasma  nitridation  processing  in  assembly 
lines. 


1.14 

■sat 

wgm 

1.31 

3.5 

wmwm 

3.5 

7.0 

warn 

tSm 

7.0 

3.7 

3.3 

6.8 

6.9 

ACKNOWLEDGMENTS 

The  authors  wish  to  acknowledge  A.  Chantre  for  the  DLTS  experiments  and  G.  Gimine  and  H. 
Mingam  for  useful  discussions. 


REFERENCES 

(1)  P.  Debenest,  K.  Bar la,  A.  Straboni  and  B.  Vuillermoz.  European  H.R.S. 

Meeting  ,  Strasbourg  (May  31  -  June  2)  1988. 

(2)  F.  Terry  and  al.p  IEEE  Elecron  Dev.  Lett.  Vol  EDL4,  p  191,  1983. 

(3)  B.  Vuillermoz,  A.  Straboni  and  R.  Pantel,  Electrochem.  Soc.  Meet. , Toronto,  May  1985, 
Abstr.  248. 

(4)  E.  Tadeka,  N.  Suzuki,  IEEE  Electron  Dev.  Letters,  Vol  EDL5,p50,  1984 


Session  4C  Room  C  :  Process  technology  of  compound  s.c. 


JOURNAL  DE  PHYSIQUE 

Colloque  C4,  supplement  au  n’9,  Tome  49,  septembre  1988 


C4-427 


DIFFUSION  BARRIER  LAYERS  FOR  OHMIC  CONTACTS  TO  GaAs 
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Grea t-Brltain 

Resume 

Dans  les  circuits  integres  A  transistors  metal-semiconducteurs  de  AsGa , 
on  s'est  servi  de  barriAres  de  diffusion  par-dessus  les  contacts  ohmiques 
allies  Ni-Au-Ge  et  "non  allies"  Pd-Ge.  Ceci  emp&che  la  diffusion  des 
couches  d' interconnexion  suivantes  et  assure  la  stabilite  et  la  basse 
resistance  (0.05  ohm. mm)  des  contacts.  L'evaluation  de  ces  structures  de 
contact  du  point  de  vue  eiectrique  ainsi  que  par  AES  et  par  TEM  est 
presentee  ici.  Les  resultats  montrent  que  l'effet  de  barrifere  produit  des 
contacts  uniformes  et  faibles  et  un  bon  rendement  de  circuits  numdriques 
rapides  A  integration  S  echelle  moyenne  (MSI). 

Abstract 

Barrier  layers  have  been  used  on  top  of  Ni-Au-Ge  alloyed  and  Pd-Ge  "non- 
alloyed”  ohmic  contacts  for  GaAs  MESFET  integrated  circuits.  They  prevent 
diffusion  of  subsequent  interconnection  layers  and  so  maintain  stable  low 
resistance  (  0.05  ohm. mm)  contacts.  The  assessment  of  these  contact 
structures,  both  electrically  and  using  AES  and  TEM,  is  presented.  The 
results  show  that  the  barrier  action  is  effective  in  producing  uniform 
and  reliable  contacts  and  good  yields  of  MSI  high  speed  digital  circuits. 


1  -  INTRODUCTION 

Ohmic  contacts  to  GaAs  using  the  Ni-Au-Ge  alloyed  system  have  been  popular  for 
many  years  and  have  been  successfully  used  in  MESFET  integrated  circuits  for 
low  resistance  source  and  drain  contacts.  The  contact  morphology  and 
reproducibility  of  these  contacts  can  be  rather  variable  and  to  improve  these 
aspects  we  previously  used  an  evaporated  silicon  dioxide  dielectric 
encapsulating  layer  during  the  alloying  process  /!/ .  This  prevented  surface 
tension  effects  degrading  the  contact  edge  definition  and  also  encouraged  more 
even  alloying  of  the  contact.  This  approach  had  the  disadvantage  that  the  SiO_ 
had  to  be  removed  after  alloying,  leaving  the  contact  open  to  subsequent 
degradation  during  processing. 

A  more  attractive  option  is  to  use  a  conductive  barrier  layer  which  can  be 
left  in  place  and,  on  top  of  which,  an  interconnect  layer  can  be  deposited  in 
the  same  deposition  cycle  as  the  ohmic  contact  layers.  The  barrier  has  to  be 
capable  of  remaining  intact  during  ohmic  contact  formation,  not  allowing 
interdiffusion  of  the  top  interconnect  metal.  This  maintains  the  stoichiometry 
of  the  underlying  layers  to  preserve  the  integrity  of  the  ohmic  contact.  The 
barrier  layer  also  has  to  have  good  adhesion  properties  and  must  be  stable 
during  subsequent  device  processing.  A  further  important  requirement  of  the 
contact  is  good  surface  and  edge  morphology  for  subsequent  photolithographic 
alignment  of  sub-micron  features.  We  have  investigated  a  large  number  of 
possible  barrier  materials  but  only  three,  zirconium  diboride  (ZrB_),  tungsten 
silicide  (W.si.)  and  tungsten  nitride  (WN)  fulfilled  these  conditions. 

The  fabrication  of  Ni-Au-Ge  alloyed  and  also  Pd-Ge  non-alloyed  ohmic  contacts 
is  described  in  the  following  section.  Pd-Ge  contacts  have  the  advantage  that 
they  are  formed  by  solid  phase  epitaxy  to  give  smoother  interfaces  and  do  not 
contain  Au,  a  potential  reliability  hazard.  The  electrical  characteristics  of 
the  contacts,  their  uniformity  and  stability  and  the  resulting  MESFET  device 
results  are  summarised.  The  barrier  integrity,  on  both  large  (100pm)  and  small 
(0.1pm)  scales,  was  investigated  by  Auger  Electron  Spectroscopy  (AES)  depth 
profiling  and  Transmission  Electron  Microscopy  (TEM)  cross-sectional  analyses 
resnecti velv . 
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2  -  EXPERIMENTAL 

Semi-insulating  GaAs  substrates,  ion- implanted  with  Si  to  give  a  peak  doping 
level  of  l*10i8cm  ,  were  used  to  give  comparable  conditions  to  the  FET  source 
and  drain  regions.  The  alloyed  ohmic  contact  layers  of  Ni  (5nm),  Au  (45nm),  Ge 
(20nm)  or  the  non-alloyed  Pd  (50nm)  and  Ge  (lOOgm)  layers  were  deposited  by 
electron  beam  evaporation  at  a  pressure  <  1*10~  mbar.  ZrB-  was  also  evaporated, 
rather  than  sputtered  as  in  initial  reports  for  silicon  technology  /2/,  so 
that  it  could  be  incorporated  in  the  same  deposition  sequence.  A  thin  Au  layer 
was  also  deposited  on  top  of  the  barrier  layer  to  give  a  low  resistivity 
surface  for  ease  of  measurements  and  subsequent  layer  contacting.  Thus  the 
total  ohmic  contact  structure  can  be  deposited  in  a  single  evaporation 
sequence  and  defined  by  conventional  photolithographic  lift-off  techniques. 

The  W5Si3  and  WN  were  sputtered  in  order  to  retain  a  constant  stoichiometry. 
Lift-3ffJof  these  materials  was  still  possible  using  a  specially  developed  two 
level  resist  technology. 

Heat  treatment  of  the  ohmic  contacts  was  carried  out  on  a  carbon  strip  heater 
in  flowing  forming  gas  or  in  an  optical  annealing  system  in  flowing  argon  /3/. 
The  contact  resistance  was  measured  using  the  transmission  line  model  (TLM) 

/4/  by  extrapolation  of  resistance  for  zero  contact  pad  separation  and 
normalised  to  a  1mm  wide  contact  and  thus  expressed  in  ohm. mm.  Low  contact 
resistivities  (ohm.cn/)  are  difficult  to  calculate  accurately  since  the  models 
assume  specific  current  paths  and  doping  values.  The  contact  resistance  is 
also  more  useful  and  easily  applied  to  the  parastic  resistance  of  a  MESFET. 


Fig  1  Contact  resistance  vs  temperature  of  heat  treatment  for  ohmic  contact 
systems . 

Figure  1  shows  the  contact  resistance  obtained  as  a  function  of  heat  treatment 
for  both  Ni-Au-Ge  and  Pd-Ge  contacts  with  different  diffusion  barrier  layers. 
The  minima  in  contact  resistance  are  in  the  same  temperature  range  as  Au-Ge- 
Ni  /l/  and  Pd-Ge  /5,6/  without  barrier  layers,  indicating  that  the  barrier 
layers  are  effective  and  play  only  a  secondary  role  in  the  contact  formation. 
The  minimum  values  of  0.06  ohm. mm  at  440°C  for  Ni-Au-Ge  and  0.04  ohm. mm  at 
330°C  for  Pd-Ge  are  amongst  the  lowest  values  ever  reported.  Particular  care 
was  taken  to  ensure  that  lithographic  dimensional  errors  were  accounted  for 
since  a  difference  of  0.4  pm  in  pad  separation  is  equivalent  to  0.03  ohm. mm 
which  is  significant.  Each  point  represents  the  mean  of  16  devices  in  the  case 
of  Ni-Au-Ge  and  6  in  the  case  of  Pd-Ge  and  the  error  bars  indicate  the  total 
spread  in  measurements.  A  similar  uniformity  is  exhibited  over  a  whole  50mm 
diameter  wafer  with  the  contact  structure  Ni-Au-Ge-ZrB?-Au  which  has  a  mean  of 
0.07  ohm. mm  and  a  standard  deviation  of  0.02  ohm. mm.  A^histogram  showing 
similar  results  with  a  WN  barrier  layer  is  illustrated  in  figure  2. 

AES  sputter  etch  profiling  was  used  to  check  the  integrity  of  the  barrier  and 
in  all  cases  abrupt  interfaces  between  the  layers  were  observed  after  ohmic 
contact  formation.  A  typical  depth  profile  for  a  Pd-Ge-WSi-Au  stucture  is 
shown  in  figure  3.  The  AES  technique  uses  an  analysis  area  up  to  100pm  in 
diameter,  much  greater  than  the  average  device  area,  and  so  only  the  average 
structure  is  revealed.  In  order  to  ensure  that  the  barrier  was  effective  and 
did  not  show  small  areas  of  breakdown  which  would  be  significant  on  a  device 
(0.1  pm)  scale,  cross-sectional  TEM  (XTEM)  samples  were  prepared  using  Ar  \&n 
beam  thinning  and  examined  in  a  Jeol  JEM  2000FX  microscope  With  EDX  analysis. 
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The  XT EM  study  of  the  Ni-Au-Ge-ZrB--Au  system,  fig  4,  showed  the  amorphous 
ZrB-  layer  to  be  an  effective  barrier.  Occasionally,  however,  Zr  from  the 
barrier  was  observed  to  have  undergone  a  limited  planar  reaction  with  adjacent 
Au  rich  phases  forming  Au.Zr.  The  phases  which  were  present  in  both  the 
optically  annealed  and  carbon  strip  annealed  contacts  included;  orthorhombic 
NiGe,  hexagonal  NiGeAs,  cubic  epitaxial  Ge,  cubic  a  Au-Ga  and  hexagonal  a' 
Au-Ga.  The  carbon  strip  heated  samples  contained  additional,  Ga-rich  Au-Ga 
phases,  hexagonal  8  +  fl '  Au-Ga  and  orthorhombic  Au.Ga.  These  phases  probably 
resulted  from  the  longer  anneal  time  of  60s  (cf.  5S  for  optical  annealing). 

The  diffusion  depth  of  the  metallisation  into  the  GaAs  was  0-15  nm  and  45  nm 
for  the  optically  and  carbon  strip  annealed  samples  respectively.  These  values 
compare  favourably  with  the  70-110  nm  values  quoted  for  Ni-Au-Ge  contacts 
without  diffusion  barriers  /8/. 

Fig  5  shows  a  typical  XTEM  of  the  Ge-Pd-WN-Au  system.  The  fine  polycrystalline 
WN  barrier  layer  was  found  to  be  intact  and  unreacted.  The  top  Au  layer 
(f.c.c.)  contained  horizontal  twin  boundaries.  The  lower  contact  structure 
consisted  of  an  upper  layer  of  large  PdGe  and  Pd_Ge  grains  and  a  lower  layer 
of  smaller  PdGe  grains.  A  thin  <<10nm)  layer  of  epitaxial  Ge  exists  at  the 
GaAs  interface  through  which  some  of  the  PdGe  grains  protruded  up  to  30  nm 
into  the  GaAs.  It  is  thought  that  the  rough  two-layer  morphology  is  a  product 
of  the  short  annealing  time  and  not  an  effect  due  to  the  barrier. 

The  barriers  have  also  proved  to  be  effective  during  subsequent  device 
fabrication  which  involves  further  high  temperature  processes  and  also  during 
deliberate  temperature  stressing  at  300°C  for  periods  up  to  100  h.  No  changes 
in  contact  resistance  were  observed  within  the  measurement  accuracy  for  the 
Ni-Au-Ge  system  but  the  Pd-Ge  resistance  increased  to  0.23  ohm. mm.  This  is 
not  surprising  considering  the  sintering  temperature  was  only  330°C.  The 
incorporation  of  ZrB~  barrier  layer  ohmic  contacts  in  MSI  scale  circuits  has 
proved  satisfactory  on  over  100  wafers.  These  had  additional  Ti-Pt-Au  layers 
on  top  of  the  ohmic  contact  for  interconnection  between  devices.  There  is  no 
evidence  of  interdiffusion  of  these  different  layers  in  contrast  to  the  report 
of  interdiffusion  when  no  barrier  layer  was  included  /7/. 

MESFETs  with  the  following  parameters  were  regularly  achieved; - 


Small  signal  transconductance 
Large  signal  transconductance 
Saturation  threshold  voltage 
Source-drain  saturation  current 


(g  )=151  mS/mm 
(G™)=104  mS/mm 
(\Q=  -2.05  V 

(Idss,=213  mA/nun 


The  drift  in  the  above  parameters  was  within  +/-  2%  after  temperature 
stressing  at  300°C  for  periods  up  to  100  h  /3/.  These  MESFETs  were  used  in  8:1 
multiplexer  and  demultiplexer  circuits  operating  at  speeds  of  1. ^Gbit/s  or 
greater  and  which  had  fully  functional  yields  of  32%  -  the  failures  being  due 
mainly  to  lithographic  defects. 


3  -  ACKNOWLEDGEMENTS 

The  authors  wish  to  thank  Dr  M  Hill  of  BTRL  for  the  AES  analysis  and  the 
Director  of  Research  at  BTRL  for  permission  to  publish  this  work. 


REFERENCES 


/l/  Allan,  D.A.  and  Thorp,  S.C.,  Physica  129B  (1985)  445. 

/2/  Shappiro,  J.,  Sol.  State  Technology  October  (1985)  161. 

/3/  Herniman,  J.,  Allan,  D.A.  and  O'Sullivan,  P.J.,  I EE  Proc  Part  I  Sol.  State 
and  Electron  Devices  135  (1988)  67. 

/ 4/  Harrison,  H.  and  Reeves,  G. ,  IEEE  Elec.  Dev.  Letts.  EDL-3  (1982)  111. 

/5/  Marshall,  E.D,  Chen,W.X.,  Wu,  C.S.  and  Lau,  S.S.,  Appl .  Phys.  Lett.  AJ_ 
(1985)  298. 

/6/  Kaminska,  E.,  Piotrowska,  A.,  Barcz,  A.,  Turos,  A.  and  Pietrak,  R.,  Crys. 
Prop,  and  Prep.  12  (1987)  277. 

/!/  Lee,  C.P.,  Welch,  B.M.  and  Fleming,  W.P.,  Electron.  Lett.  jj.  (1981)  407. 
/8/  Shih,Y.C,  Murakami, M.,  Wilkie,  E.L.  and  Callegari ,A.C. ,  J.  Appl.  Phys.  62 
(1987)  582. 


JOURNAL  DE  PHYSIQUE 

Collogue  C4,  supplement  au  n'9,  Tome  49,  septembre  1988 


C4-431 


CONTROL  OF  THE  FABRICATION  STEPS  OF  InP  MIS  TRANSISTORS  BY  MEANS  OF  SCANNING 
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Resume  -  Nous  montrons  l  efficacite  de  limagerie  de  photoluminescence  a  suivre  la  qualite, 
l’homogeneite  et  la  reproductibilitb  d  un  echantillon  dans  la  realisation  des  transistors  MIS 
sur  InP,  du  substratde  depart  et  apris  chaque  etape  technologique.  Grice  i  lutilisation  de 
cette  technique  nondestructive.  rapide,  et  n’exigeant  pas  de  contacts  avec  la  surface  de 
l  echantillon,  nous  avons  obtenu  une  amelioration  considerable  des  dispositifs  eiaboris. 


Abstract  -  We  show  the  efficiency  of  scanning  photoluminescence  measurements  for 
monitoring  the  quality,  homogeneity  and  reproducibility  of  the  starting  wafers  and  processed 
substrates  after  each  technological  step  during  the  realization  of  InP  MIS  transistors.  Owing 
to  this  new  technique,  which  is  nonin vasive.  contactless  and  fast,  we  have  obtained  a 
considerable  improvement  of  the  fabricated  devices. 


The  caracteristics  of  I1I-V  semiconductor  devices  and  the  fabrication  yield  are  critically  influenced 
by  nonuniform  and  nonreproducible  properties  of  starting  and  processed  substrates  [e.g.l )  The 
control  of  the  entire  technological  process  is  usually  achieved  a  posteriori  by  electrical 
characterization  of  the  completed  devices  However,  such  approach  is  not  sufficient,  since  it  allows 
only  to  detect  "that  something  again  didn't  work  in  the  process",  and  that  most  of  the  devices  on  the 
wafer  do  not  work  properly.  Thus,  a  tight  control  of  the  quality  and  the  uniformity  of  the  wafers  at 
each  process  step  is  necessary  in  order  to  improve  the  device  performance,  to  increase  the  scaie  of 
integration  and  to  lower  the  costs  by  increasing  the  fabrication  yield.  Scanning  photoluminescence 
(PL)  measurements  emerge  today  [e.g.  2. 39  as  a  promissing  technique  to  assess  the  quality,  the 
homogeneity  and  the  reproducibility  of  the  processed  substrates  in  a  contactless,  noninvasive  and  fast 
way.  conform  to  industrial  requirements  for  routine  quality  check. 

Here  we  report  on  the  realization  of  InP  MIS  transistors  improved  and  controled  by  room  temperature 
scanning  PL  measurements,  which  were  performed  at  each  individual  step  during  the  process. 


2  -  EXPERIMENTAL 

The  InP  MISFETs  processed  in  this  work  had  a  classical  structure  of  n-channel  devices  [e  g.  4)  and 
were  fabricated  on  Fe  doped  <100>  oriented  semi-insulating  InP  wafers.  The  nominal  channel  widths 
and  lengths  were  lOOum  and  20um.  respectively.  The  source  and  drain  regions  were  defined  by 
photolithography  and  selectively  implanted  with  2®Si  ions  ( 150keV  energy.  2  101*  cm*2  dose,  room 
temperature).  Post  implant  annealings  were  typically  performed  at  750‘C  for  10  min.  using  the 
"wafer-to-wafer”  capping  technique  in  a  phosphorus  rich  atmoshere,  provided  by  heated  InP  powder. 
After  the  annealing,  the  channel  areas  were  slightly  etched  in  an  HIOj  solution  followed  by  various 

kinds  of  surface  treatments  such  as  HF  etching,  anodic  oxidation  ft)  and  others.  After  the  deposition  of 
the  gate  insulator  (A120j,  electron  beam  evaporation)  the  samples  were  annealed  for  30  min.  at  300’ C 
in  02  and  then  for  120  min.  at  330‘C  in  H3/N2. 
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Scanning  PL  measurements  vere  performed  at  each  fabrication  step  using  the  SCAT  imaging  system, 
vhich  vis  developed  in  our  laboratory  (Fig.l ).  This  system  operates  vith  an  He-Ne  laser  as  excitation 
source  The  laser  beam  is  focussed  on  the  sample  surface  by  a  miscroscope  objective.  The  PL  intensity 
is  measured  vith  a  Si  photodiode.  The  sample  is  moved  on  an  X-Y  stepping  motor  stage,  vhich  is 
controlled  by  a  computer,  alloving  to  choose  the  scanning  area  (up  to  2inch  vafers)  and  the 
resolution  (betveen  1pm  and  several  tens  of  pm). 


Fig.  1  The  photoluminescence  SCAT  imager;  a)  general  viev,  b)  schematic  of  the  system 


3.1-  STARTING  SUBSTKATI  QUALITY 

We  used  scanning  PL  measurements  to  detect  the  presence  of  doping  striaiions  and  dislocations  in  the 
bulk  material  and  other  extended  defects  in  the  InP  surface  region,  vhich  are  probably  left  by  the 
cutting  and  polishing  of  the  substrate  (Fig.  2).  Destructive  etching  of  the  surface  is  normally 
necessary  to  reveal  the  defects  and  dislocations.  In  the  case  of  semi-insulating  InP  substrates, 
dislocations  locally  result  in  a  strong  increase  of  the  PL  intensity .  and  thus,  they  can  easily  be 
detected  and  counted  by  means  of  scanning  PL  measurements.  Although  the  impact  of  the  striaiions. 
dislocations  and  other  exteded  defects  on  the  performance  of  InP  MISFETs  is  not  yet  definitively 
evaluated,  ve  expect,  that  as  in  the  case  of  the  GaAs  device  technology,  the  choise  of  homogenous 
substrates  vill  improve  the  homogeneity  of  the  device  characteristics  on  the  vafer. 


3.2  -  IMPLANTATION  AND  POST  IMPLANT  ANNEALING 

The  quality  of  implanted  and  annealed  vafers  depends  on  the  degree  of  dopant  activation,  material 
recrystaUzation  and  on  the  thermally  induced  degradation  of  the  semiconductor  surface  region.  This 
degradation  takes  place  on  both  implanted  and  not  implanted  areas. 

Ve  have  found  a  monotonous  correlation  betveen  the  average  PL  intensity  after  implantation  and 
subsequent  annealing  at  various  temperatures  and  the  value  of  I-io  deduced  from  aligned  RBS 

spectra.  These  results  indicate,  that  scanning  PL  measurements  can  be  used  to  control  the 
reproducibility  of  the  annealing  conditions  and  the  uniformity  of  implanted  and  annealed  vafers.  A 
possible  cause  of  long  range  nonuniformities  is  a  nonhomogenous  distribution  of  the  temperature 
across  the  vafer  during  the  post  implant  annealing. 
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Fig.  2  Typical  PI  images  obtained  on  a  semi-insulating  (Fe-doped)  InP  vafer;  a)  image  of  the  entire 
2inch  vafer  shoving  doping  striation,  b)  image  of  a  small  area  (2mm  x  2mm)  shoving  the  presence  of 
dislocations 


Ve  have  identified  tvo  different  types  of  thermally  induced  degradation  The  first  one.  clearly 
observed  in  nonimplanted  areas,  results  in  a  homogenously  reduced  average  PL  intensity  after  the 
annealing  (Fig.  3).  Scanning  PL  measurements,  performed  after  successive  etchings  of  the 
semiconductor  (PL  depth  profiling)  shoved  that  this  damage  tales  place  vithin  several  hundred  of 
Angstroms  in  the  semiconductor  bulk,  and  that  its  extension  depends  on  the  annealing  conditions. 
This  type  of  degradation  vas  observed  in  all  the  samples.  The  second  type  of  degradation  results  in  a 
local  increase  of  the  PL  intensity  (apparition  of ‘‘photoluminescence  peaks"  on  the  surface)  This  type 
of  degradation  vas  observed  only  on  a  fev  samples  and  could  have  been  correlated  vith  unefficient 
capping  of  the  substrate  during  the  annealing.  Since  this  type  of  damage  vas  easy  to  detect  by 
scanning  PL  measurements,  it  vas  possible  to  elliminate  bad  vafers  already  at  the  very  beginning  of 
the  process  and  to  optimize  the  annealing  conditions. 

In  some  samples  ve  have  observed  an  anomalous  and  nonuniform  increase  of  the  PL  intensity  at  the 
boundaries  of  the  implanted  areas.  This  effect  vas  particularly  pronounced  in  the  channel  region 
(Fig.  4)  and  vas  identified  to  be  due  to  nonperpendicular  vails  of  the  implantation  barrier. 
Optimization  of  the  lift-off  procedure  vas  sufficient  to  improve  drastically  the  definition  of  the 
implanted  regions. 


Fig.  3  Photoluminescence  depth  profiling 
obtained  on  not  implanted  area  after  post- 
implant  annealing  at  630’  C  and  730*  C 


Fig.  4  Photoluminescence  image  of  non¬ 
uniformities  in  the  channel  area  of  InP 
MIST  observed  after  postimplant  anne¬ 
aling.  The  scanned  area  is  30jum  *  30<um 
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3.3-  ETCHING  OF  THE  GATE  AREA 

Scanning  PL  depth  profiling  measurements  allowed  us  to  determine  precisely  the  distance  from  the 
surface  to  which  the  substrate  was  degraded  during  the  post-implant  annealing.  Removing  of  this 
damaged  surface  region  prior  to  the  deposition  of  the  gate  insulator  dramatically  improved  the 
electrical  properties  of  the  transistors.  In  particular,  we  obtained  an  increase  of  the  effective 
mobility  of  electrons  in  the  channel  from  some  100  cm2/Vs  to  more  than  1000  cm2 /Vs.  An  individual 
transistor,  characterized  by  PL  imaging  after  implantation,  annealing  and  local  etching,  is  shown  in 
Fig.  5.  The  higher  PL  intensity  inside  the  etched  areas  of  both  implanted  and  nonimplanted  regions 
proves,  that  the  etching  of  the  sample  indeed  improves  the  electronic  properties  of  the  semiconductor 
surface. 


Fig  3  PL  image  of  an  individual  transistor  in  3D  and  grey-level  scale.  This  image  was  obtained  after 
implantation,  post-implant  annealing  and  local  etching.  Dark  pixels  represent  high  PL  intensity, 
bright  pixels  represent  low  PL  intensity.  The  scanned  area  is  0.3mm  x  0  3mm 


3  4  -  CHEMICAL  SURFACE  TREATMENTS.  GATE  INSULATOR  DEPOSITION  AMD  POST-DEPOSITIOM  AMNFAI  IMr. 

As  we  have  shown  in  a  previous  work  [6] ,  the  integrated  PL  intensity  varies  up  to  three  orders  of 
magnitude  with  chemical  treatments  of  the  InP  crystal,  which  affect  the  composition  of  the  native 
oxide  on  the  surface.  Also,  we  demonstrated  in  17} ,  that  the  PL  intensity  provides  a  reliable  estimate  of 
the  surface  quality  in  terms  of  the  surface  state  density  in  the  upper  part  of  the  gap.  Thus,  scanning 
PL  measurements  are  useful  to  choose  those  treatments,  which  ensure  low  surface  state  densities. 
However,  appropriate  treatments  should  not  only  give  good  initial  surface  properties,  but  also  should 
protect  the  crystal  against  the  degradation  induced  during  the  subsequent  technological  steps,  as  in 
particular  the  insulator  deposition.  PL  measurements,  performed  successively  prior  and  after 
chemical  surface  treatments,  after  the  insulator  deposition  and  after  the  post-deposition  annealing, 
allowed  us  to  identify,  to  what  extent  each  of  the  above  steps  contributes  to  the  final  quality  of  the 
interface  and  which  interdependencies  exist  between  these  steps.  Thus,  scanning  PL  measurements 
offer  the  possibility  to  track  the  evolution  of  the  surface/interface  properties,  providing  crucial 
information  for  the  process  optimization. 

Furthermore,  we  have  found  by  means  of  scanning  PL  depth  profiling  measurements,  that  the 
insulator  deposition  not  only  results  in  the  creation  of  interface  states,  but  also  may  leed  to  the 
creation  of  defects  and  nonuniformities  inside  the  semiconductor  surface  region.  This  effect  depends 
on  the  deposition  conditions,  which  can  be  optimized  using  scanning  PL  measurements  as  a  guide 
The  power  of  scanning  PL  measurements  for  the  control  and  the  optimization  of  the  InP/insulator 
interface  properties  will  be  discussed  in  detail  elsewhere 


Fig.  6  shews  the  histogram  of  the  PL  intensity  obtained  on  a  small  area  of  the  wafer  (covering  a  few 
individual  transistors)  alter  implantation,  annealing  and  etching.  The  caracteristic  distribution  of  the 
PL  intensity  is  due  to  the  presence  of  different  zones  in  the  scanned  area  (as  indicated  in  the  figure) 
and  reflects  the  electronic  quality  of  each  zone.  The  comparison  of  such  histograms  obtained  on 
different  areas  on  the  wafer  provides  information  on  the  uniformity  of  the  processed  substrate  at  this 
stage  of  the  process.  The  PL  histograms  obtained  alter  each  technological  step  can  be  considered  as 
the  "identity  card"  of  the  process,  allowing  the  comparison  of  independent  runs  and  the  evaluation  of 
the  process  reproducibility. 

As  a  final  ezample.  Fig.  7  shows  the  evolution  of  the  average  PL  intensity  in  the  channel  region  for 
two  different  processes.  In  the  first  one  the  surface  was  simply  treated  with  HF  solution,  in  the  second 
one  an  anodic  oxide  was  formed  on  the  surface  prior  to  the  gate  insulator  deposition.  Ve  have  found, 
that  if  two  independant  runs  of  the  same  process  type  result  in  the  same  evolution  of  the  PL  intensity 
in  the  channel,  the  electrical  characteristics  of  the  devices  are  roughly  the  same.  Furthermore, 
higher  PL  intensities  in  the  channel  are  correlated  with  larger  transconductancies  of  the  transistors. 


12  3  4 

PL  intensity  (a  u  ) 


Fig.  6  Histogram  of  the  PL  intensities  obtained  on  a  small  area  covering  a  few  individual  transistors 
after  implantation,  annealing  and  etching.  Photoluminescence  from  different  zones  are  indicated 
on  the  figure. 
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Fig.  7  Evolution  of  the  average  PL  intensity  in  the  channel  area  during  two  different  processes, 
with  HF  etching  and  with  anodic  ozidation  prior  to  the  gate  insulator  deposition. 
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4-  CONCLUSION 

Processing  of  InP  MIS  transistors  was  monitored  and  improved  owing  to  scanning  PL  measurements 
performed  after  each  technological  step.  Our  results  indicate,  that  the  scanning  PL  measurements  are 
well  adapted,  i)  to  extract  pieces  of  information  necessary  for  the  nptimi7*tinn  of  individual  steps  in 
the  process,  and  ii)  to  control  the  uniformity  of  starting  and  processed  wafers  as  well  as  the  quality 
and  the  reproducibility  of  each  fabrication  step.  This  new  assessment  technique  is  perfectly  well 
compatible  with  the  III-V  technology. 
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Mg* /0*  ION  IMPLANTATION  IN  GaAs/GaAlAs  HETEROSTRUCTURES 
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Resume  -  Des  Implantations  de  Mg+  et  0+  ont  ete  realisees  dans  des  heterostructures 
GaAs/GaAlAs  pour  des  applications  de  transistors  bipolaires,  le  but  de  ces  implan¬ 
tations  etant  de  rendre  la  couche  de  collecteur  fortement  resistive  (avec  l'O) 
et  de  contacter  la  couche  de  base  (avec  le  Mg).  L'activation  du  Mg  a  ete  realisee 
par  des  recuits  rapides  jusqu'a  900°C.  Nous  montrons  que  les  conditions  permettant 
d'obtenir  une  compensation  par  l'oxygene  sont  tres  dependantes  du  materlau.  De 
plus,  pour  des  faibles  doses  d'oxygene  nous  avons  note  une  evolution  dans  le  temps 
de  la  compensation.  Enfin,  nous  detaillons  l'interaction  entre  Mg  et  Be  (dopant 
de  la  base)  . 

Abstract  -  Mg+  and  0+  ion  implantations  have  been  performed  in  GaAs/GaAlAs  hetero¬ 
structures  for  bipolar  transistor  applications  in  order  to  form  an  isolation  layer 
in  the  collector  region  (with  0)  and  to  contact  the  base  layer  (with  Mg) .  Rapid 
thermal  annealing  with  peak  temperature  up  to  900°C  has  been  employed  to  activate 
Mg.  We  show  that  the  conditions  to  obtain  compensation  by  oxygen  are  strongly 
dependant  on  the  starting  material.  Moreover  for  low  oxygen  doses  we  have  noted 
an  evolution  of  the  compensation  with  time.  Finally  we  discuss  the  interaction 
between  Mg  and  Be  (dopant  of  the  base) . 


I  -  INTRODUCTION 


GaAs/GaAlAs  heterojunction  bipolar  transistors  (HBT's)  are  of  great  interest  for 
application  to  high  speed  integrated  circuits,  but  the  performances  of  these  devices  are 
limited  by  extrinsic  parasitic  elements  such  as  the  external  base  capacitance.  Several 
solutions  to  this  problem  have  been  reported  in  the  litterature  (1-4).  Particularly,  P.M. 
Asbeck  et  al.  (2)  have  shown  that  oxygen  ion  implantation  in  GaAs/GaAlAs  HBT's  can  lead  to 
the  formation  of  an  isolation  layer  and  to  a  reduction  in  the  capacitance  of  the  base 
collector  region.  Jointly  to  the  oxygen  implantation  they  performed  Be  implantation  to  make 
contact  to  the  base  region.  However,  they  have  characterized  the  effect  of  the  oxygen 
implants  on  the  device  and  the  C-V  and  I-V  measurements  performed  give  information  on  the 
sample  as  a  whole  and  not  on  each  separate  layer.  They  did  not  study  the  thermal  stability 
of  the  compensation  in  such  heterostructures. 

We  have  already  shown  (5)  that  Mg  is  a  suitable  ^opant  to  contact  the  base  layer 
with  a  high  hole  concentration  at  the  surface  (y  10i:cm  +) ,  avoiding  the  use  of  Be  which 
is  extremely  toxic.  In  this  work,  we  have  performed  0  and  Mg  ion  implantations  in 
GaAs/GaAlAs  heterostructures  for  bipolar  transistor  applications  in  order  to  form  an 
isolation  layer  (with  0)  and  to  contact  the  base  layer  (with  Mg).  In  addition  to 
capacitance  measurements,  we  have  carried  out  electro-chemical  profiling  thus  obtaining 
the  carrier  profiles  in  each  layer  of  the  heterostructure.  We  have  studied  the  Influence  of 
the  oxygen  dose  and  the  influence  of  the  anneal  temperature.  During  this  work  we  have  noted 
an  anomalous  diffusion  of  Mg  and  Be,  so  we  have  performed  SIMS  measurements  to  explain  the 
behaviour  of  these  impurities. 


II  -  EXPERIMENTAL  PROCEDURES 

Mg2/>  and  016  or  0*®  were  Implanted  at  room  temperature  using  a  High  Voltage 
Engineering  400  kV  accelerator.  The  samples  were  7°  off  the  Incidence  direction  to  minimize 
channeling  effects.  In  consideration  to  the  thickness  of  the  different  layers  of  the 
heterostructures  (table  I)  we  have  chosen  the  following  conditions  for  Mg  implantations  : 
30,  60,  200  keV  at  doses  of  8x10  ,  2x10*  ,  8x10*  Mg  /cm  respectively.  To  reach  the 

collector  layer  it  has  been  necessary  to  perform  the  oxygen  implantation  with  an  energy  of 
550  keV  ;  jjje  l^ave  jjsed  doubly  charged  oxygen  ions.  We  varied  the  oxygen  dose  from  2.5x10 
to  1.5x10  0  .cm  .  Following  implantation,  the  samples  were  annealed  in  a  commercial 
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halogen  lamp  furnace  (6).  The  method  to  measure  the  temperature  and  the  configuration 
used  during  R.T.A.  have  been  described  elsewhere  (7).  We  varied  the  annealing  temperature 
from  700  to  900°C. 


TABLE  I  :  EPITAXIAL  LAYER  STRUCTURES  USED  IN  THIS  WORK 


SIMS  analysis  were  performed  before  and  after  anneal  with  a  Cameca  IMS  3F  ion 
microanalyser  equipped  with  an  oxygen  source  or  a  cesium  source,  depending  on  the  element 
to  be  analyzed.  The  compensation  of  the  collector  layer  has  been  verified  by  two  methods  : 
we  have  measured  the  carrier  concentration  profiles  in  the  heterostructures  with  a  Polaron 
semiconductor  profile  plotter,  and  we  have  determined  the  capacitance  of  the  extrinsic 
base-collector  region.  Mesa  etching  has  been  used  to  prepare  individual  diodes  of  area 
(120xl20)um  . 


Ill  -  RESULTS  AND  DISCUSSION 
a  -  Comgensation_by  oxygen 

Figure  1  shows  the  carrier  concentration  profile  for  a  sample  implanted  with  Mg 
only  (curve  a)  and  for  a  sample  Implanted  with  Mg  and  0  (curve  b) .  The  two  samples  have 
been  annealed  at  900°C  (peak  temperature).  On  curve  a,  in  the  p-type  region  we  see  the  hole 
profile  corresponding  to  Mg  (up  to  about  0.4ym)  and  the  hole  profile  corresponding  to  Be 
(base  dopant).  We  can  already  point  out  the  "stairs-like"  shape  of  the  Mg  profile  and  the 
broad  Be  profile.  We  will  discuss  thes^6two_  joints  later.  In  the  n-type  region  we  see  the 
doping  level  in  +the  c^Jlec^or  (n  2x10  cm  )  and  the  electron  profile  of  the  collector 

contact  layer  (n  4x10  cm  ).  After  the  oxygen  implantation  (curve  b)  the  hole  profile  is 

identical  but  we  do  not  have  a  p-n  junction.  We  measure  a  very  low  hole  concentration  with 

a  corresponding  large  depletion  region.  We  can  measure  the  carrier  profile  in  the  collector 
contact  layer,  but  it  is  neccessary  to  etch  all  the  collector  layer  which  is  highly 
compensated. 

Figure  1  clearly  shows  that  it  is  possible  to  form  an  Isolated  layer  by  oxygen 
implantation  even  after  anneal  at  900°C.  However  two  facts  must  be  pointed  out  :  1)  the 
conditions  (minimum  oxygen  dose,  anneal  temperature)  are  not  reproducible  from  an 
to  another  ;  2)  for  some  heterostructures  and  for  low  oxygen  doses 

the  compensation  is  not  stable  with  time  and  the  highly  resistive  layer 
recovers  its  Initial  electrical  activity  within  a  few  days  after  the  anneal  process.  From 
these  two  observations  we  can  conclude  that  compensation  by  oxygen  is  strongly  dependant  on 
the  oxygen  dose  and  on  the  material  quality. 
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In  order  to  lower  the  detection  limit  for  oxygen  by  Slljlg  we  hav|g  implanted  the 
isotope  18  of  oxygen  in  some  samples.  The  atomic  profiles  of  CT  and  Si^  are  shown  in 
figure  2.  The  important  points  to  be  underlined  are  the  following  :  first,  on  the  oxygen 
profile  after  anneal  (750°C)  one  peak  appears  at  about  1pm  ;  this  peak  can  be  attributed  to 
an  oxygen  accumulation  at  the  interface  collector-colleclor  contact  layer  during  the 
anneal.  The  oxygen  trapped  at  this  interface  will  not  be  efficient  to  compensate  the  doping 
level  of  the  collector,  thus  the  quality  of  the  interfaces  will  be  of  major  importance. 
Secondly,  in  the  collector  contact  layer  oxygen  diffuses  toward  the  interface  collector 
contact  layer  -  S.I.  substrate.  These  two  points  allow  us  to  suppose  that  there  is  an 
interaction  between  Si  and  0  as  it  has  been  reported  in  the  litterature  (8).  However  there 
is  no  evidence  that  the  compensation  is  due  to  the  formation  of  such  complexes  (9). 

^T^>  obtain  reproducible  results  it  is  necessary  to  implant  high  oxygen  doses 
(>1x10  40  /cm  ).  So  we  have  carried  out  capacitance  measurements  for  high  oxygen  doses. 
Figure  3  shows  the  behaviour  of  capacitance  versus  voltage  for  a  sample  implantejl^wijh  M 
only  (curve  a)  and  for  a  sample  implanted  with  Mg  and  0  with  a  dose  of  1.5x10  0  /cm 

(curve  b) .  The  two  samples  have  been  annealed  at  800°C.  The  capacitance  of  the  sample 

without  oxygen  decreases  with  bias  voltage.  In  the  contrary,  the  capacitance  of  the  sample 
implanted  with  oxygen  is  almost  independant  of  bias  voltage,  indicating  that  we  have  formed 
an  insulating  layer.  Moreover,  at  zero  bias  the  capacitance  with  oxygen  is  equal  to  3.5  pF, 

i.e.  1.5  times  lower  than  the  value  obtained  without  oxygen  (5.4  pF) .  This  is  in  accordance 

with  the  results  presented  by  Asbeck  et  al.  (2). 


Fig.  3  :  Cwpaeitcmce  versus  voltage  DEPTH  (pm) 

for  diodes  structures  fabricated  with 

a  sample  without  oxygen  (a)  and  a  Fi9-  4  :  Carrier  and  atomic  concentration 

sample  implanted  .With  oxygen  (b)  aB  a  function  of  death  for  a  sample  implanted 

(550  keV ,  1.5xl0li0*/cm).  with  Mg  and  0(1x10  0  /cm  )  (al  Mg  atomic 

profile  before  anneal,  (b)  hole  profile  after 
anneal  at  850°C,  ( c )  Mg  atomic  profile  after 
anneal  at  850°C. 


b  -  Be  -  Mg  interaction 


As  mentionned  above,  we  have  noted  in  the  carrier  profiles  an  anomalous  behaviour 
of  Mg  and  Be.  To  clarify  this  problem  we  have  performed  SIMS  measurements  before  and  after 
anneal  for  different  cases.  14  +  2 

Figure  4  concerns  a  sample  implanted  with  Mg  and  0  (1x10  0  /cm  )  and  annealed  at 
850*C.  It  shows  a  strong  outdiffusion  of  Mg  leading  to  an  important  decrease  of  the  Mg 
concentration,  as  compared  to  the  atomic  pjr^f lie ,  before  anneal  (although  the  Mg 
concentration  at  the  surfj^pe  ^s  still  high  10  cm  ;  and  Mg  reaches  the  base  with  a 
concentration  of  about  10  cm  J) .  Moreover,  the  Mg  atomic  profile  presents  three  steps  and 
goes  up  to  the  tail  of  the  Be  profile.  It  is  however  interesting  to  note  the  good 
activation  of  Mg  since  the  carrier  profile  is  Identical  to  the  Mg  atomic  profile  up  to  the 
base. 

In  figure  5  we  have  drawn  the  Be  atomic  profile  before  and  after  a^ne^l  |or  a 
sample  which  has  also  been  Implanted  with  Mg  and  with  an  oxygen  dose  of  1x10  0  /cm  and 
annealed  at  850°C.  We  clearly  see  the  important  diffusion  of  Be  both  towards  the  emitter 
layer  and  the  collector  layer.  This  diffusion  is  asymmetric,  it  is  more  important  towards 
the  emitter  layer,  i.e.  towards  the  Mg  implants.  This  effect  is  neither  due  to  the  high 
temperature  anneal  Itself,  nor  to  the  oxygen  implant.  As  a  matter  of  fact,  in  the  case  of 
an  unimplanted  sample  and  a  sample  implanted  with  oxygen  only,  we  do  not  see  such  an 
asymmetric  diffusion.  We  can  therefore  suspect  an  Interaction  between  the  two  p-type 


dopants  Mg  and  Be.  In  order  to  verify  this  assumption  we  have  performed  Mg  impl^nta^loni 
with  the  two  lower  energies  (30  and  60  keV,  with  doses  of  8x10^  and  2x10  Mg  /cm' 
respectively)  so  that  Mg  does  not  reach  the  Be  doped  layer. 
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Fig.  5  ;  SIMS  Be  atomic  concen¬ 
trations  as  a  function  of  depth 
for  a  sample  implanted,  with,  Mg 
and  0(650  keV ,  1x10  0 /cm*) 

(a)  before  anneal,  (b)  after 
anneal  at  850°C. 


Fig.  6  :  SIMS  atomic  concentrations  as  a  func¬ 
tion  of  depth  for  a  scmple  implanted -with  Mg 
(SO,  60  keV  and  8xl01,6 ,  2xl01^Mg+/cmti  respec¬ 
tively).  (a)  Mg  atomic  profile  before  anneal, 

(b)  Mg  atomic  profile  after  anneal  at  8S0°C, 

( c )  Be  atomic  profile  before  anneal,  (d)  Be 
atomic  profile  after  anneal  at  850°C. 


Figure  6  shows  that  after  anneal  (850°C)  there  is  still  an  outdiffuslon  of  Mg  and  a 
slight  indlffusion  but  we  do  not  see  any  step  in  the  atomic  profile.  On  the  other  hand, 
there  is  also  a  diffusion  of  Be  but  it  is  much  less  important  than  in  the  previous  case 
(with  three  Mg  implantations),  and  it  is  symmetrical.  This  effect  may  result  from 
competition  of  the  two  species  for  the  available  gallium  sites  as  it  has  been  reported  by 
Houston  et  al.  in  the  case  of  Zn  and  Be  (10). 

CONCLUSION 

We  have  shown  in  this  work  that  oxygen  ion  implantation  allows  to  obtain  high 
resistivity  layers  stable  at  high  temperature  (up  to  900°C)  in  GaAs/GaAlAs 
heterostructures.  But  the  compensation  is  very  dependant  on  the  quality  of  the  starting 
material  and  to  obtain  reproducible  results  it  is  necessary  to  implant  high  oxygen  doses  (> 
10l  0  cm  ). 

Another  point  which  has  been  underlined  is  the  strong  interaction  between  Mg  and  Be 
resulting  from  the  competition  of  these  two  p-type  dopants  for  the  Ga  sites  ;  and  leading 
to  an  anomalous  diffusion  of  Mg  and  Be  during  the  high  temperature  anneal. 
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Abstract  -  GaAs  MESFET’s  with  non-alloyed  ohmic  contacts  have  been  achieved  through  a 
solid  phase  reaction  of  the  Ge/Pd/GaAs(xtl)  structure  upon  annealing  at  325*C  for  30 
■in.  Different  Au-based  overlayers  over  Ge/Pd  have  been  tested  for  device  applications 
and  compared  with  a  conventional  AuGeNi  contact.  The  thermal  stability  of  the  contact 
resistivity  has  been  evaluated  through  long-term  storages  at  300*C. 


1  -  INTRODUCTION 

New  ohmic  contacts  to  n-GaAs  have  been  developed  with  the  aim  of  improving  the  contact  proper¬ 
ties  as  well  as  the  technological  features  in  comparison  with  the  usual  AuGeNi  metallization. 
The  fabrication  process  of  AuGeNi,  based  on  the  formation  of  a  liquid  phase  during  a  short 
time  annealing,  can  still  give  repeatibility  problems  among  successive  runs  and  poor  uniformi¬ 
ty  through  the  single  wafer,  in  absence  of  an  accurate  GaAs  surface  preparation  /l/.  The 
search  for  a  more  controllable  realization  process  pushed  toward  investigation  of  ohmic  con¬ 
tacts  achieved  through  solid  state  interactions,  such  as  Ge  epitaxy  on  GaAs  /2/  or  solid  phase 
reactions  between  GaAs  and  metal  overlayers  /3/,  which  showed  both  excellent  electrical  and 
morphological  properties. 

Application  of  ohmic  contacts  based  on  the  solid  state  reaction  of  the  Ge/Pd/GaAs  structure  to 
GaAs  MESFET’s  has  been  investigated  in  this  work,  with  a  particular  attention  to  the  techno¬ 
logical  realization  process.  The  Ge/Pd  ohmic  contact  resistivity  and  thermal  stability,  and 
the  dc  and  rf  MESFET  performances  have  been  compared  with  the  results  obtained  in  the  case  of 
conventional  AuGeNi  contacts,  for  0.25  W  devices. 

2  -  PdOe  CONTACT  REALIZATION 

Ge(113  nm)/Pd(44  nm)  bilayers  have  been  e-beam  deposited  on  conventionally  chemically  cleaned 
<100>n-GaAs  substrates  1.5xl017  cm-3  S  doped,  patterned  for  measurements  conform  to  the  Trans¬ 
mission  tine  Method  (TIM)  /4/.  After  the  contact  definition  by  lift-off,  ohmic  contacts  have 
been  achieved  through  annealing  at  325*C  for  30  min  in  a  forming  gas  flux.  Such  a  treatment 
gives  the  lowest  contact  resistivity  as  shown  in  /5/. 

The  reaction  kinetics  has  been  monitored  at  different  times  during  the  annealing  by  AES,  and 
results  are  schematically  summarized  in  Fig.  1.  After  the  shortest  annealing  period  (5  min) 
the  whole  Pd  is  involved  in  the  polycrystalline  PdGe  phase,  through  a  solid  state  reaction 
with  Ge.  PdzGe,  which  appears  before  PdGe  in  the  "ideal"  phase  formation  sequence,  is  already 
no  more  detectable.  An  inhomogeneous  unreacted  Ge  layer  is  left  at  the  surface,  and  a  small  Ge 
accumulation  is  detected  at  the  PdGe/GaAs  interface,  attributed  to  the  epitaxial  growth  of  Ge 
over  GaAs  as  shown  in  /6/.  The  thickness  of  the  Ge  epilayer  increases  with  the  annealing  time, 
until  all  the  excess  surface  Ge  has  been  consumed,  i.e.  after  30  min.  A  non-flat  PdGe/Ge(xtl) 
interface  still  remains  at  the  end  of  the  Ge  epigrowth,  due  to  the  inhomogeneous  columnar 
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growth  of  the  PdGe  grains  /7/. 


As  deposited 


Ge  (xrt) 


Fig.  1  -  Schematic  representation  of  the  solid  phase  epitaxy  of  Ge  over  GaAs  during  the  325*C 
annealing  of  the  Ge/Pd/GaAs  system. 


The  formation  of  a  crystalline  Ge  film  is  favoured  due  to  the  lower  free  energy  than  amorphous 
Ge.  The  Ga  and  As  amount  in  the  PdGe  layer  is  below  the  AES  detection  limits,  indicating  that 
only  a  minor  substrate  dissolution  might  occur,  and  consequently  no  contact  sinking  into  GaAs. 
Ohmicity  is  assessed  through  the  Ge/GaAs  interface  by  an  electron  tunneling  conduction 
mechanism,  due  to  the  expected  formation  of  a  n+-GaAs  layer  Ge  doped  during  the  annealing 
period  /3/. 

The  contact  resistivity  of  the  Ge/Pd  metallization  has  been  evaluated  in  a  test  pattern  con¬ 
form  to  TIM,  the  spacing  among  the  pads  varying  from  5  to  25  pm.  From  the  specific  contact  re¬ 
sistivity  Qc  derived  through  TIM,  the  linear  contact  resistivity  Qt  can  be  deduced,  more 
suitable  for  technological  applications,  as  gt=  Qc/Lt.  The  transfer  length  Lt  defines  the 
width  of  the  GaAs/metal  interfacial  stripe  through  which  most  of  the  current  is  injected  from/ 
in  GaAs.  Lt  is  typically  1  pm  long  for  Ge/Pd  contacts.  In  Tab.  1  the  average  value  Qt  and 
the  standard  deviation  Aq t  are  reported  for  the  Ge/Pd  contact,  and  compared  with  the  values 
obtained  for  a  conventional  Au(150  nm)/Ni(30  nm)/Au(60  na)/Ge(30  nm)  contact  annealed  at  450*C 
for  30  s.  Qt  is  much  larger  for  AuGeNi  than  for  Ge/Pd,  while  /I  gt  is  almost  the  same  for  both 
metallization,  just  after  the  ohmic  contact  formation. 


3  -  OVKBLAYBR  METALLIZATIONS 


In  a  double  recessed  channel  structure,  widely  used  for  power  MESFET’s,  source  and  drain  ohmic 
contacts  act  as  a  mask  for  the  channel  first  etching.  Ge/Pd  is  not  suitable  for  such  applica¬ 
tion,  due  to  its  etchability  by  the  GaAs  chemical  attacks.  A  Au-based  overlayer  represents  a 
proper  solution,  useful  moreover  for  bonding  purposes,  thermal  dissipation  improvement  and 
decreasing  of  the  contact  sheet  resistance.  The  overlayer  is  deposited  in  the  same  evaporation 
run  of  Ge/Pd  and  passes  the  same  fabrication  steps. 


Ge/Pd 

AuGeNi 

Au/Ge/Pd 

Au/Pd/Ti/Ge/Pd 

Au/Pt/Ti/Ge/Pd 

<?t(Q  nm) 

0.16 

0.24 

1.19 

0.14 

0.12 

AQt(,Q  wm) 

0.04 

0.05 

0.21 

0.02 

0.02 

Tab.  1  -  Average  value  Qt  and  standard  deviation  Jgt  of  the  linear  ohmic  contact  resistivity 
for  different  metallizations  on  n-GaAs. 


The  use  of  a  bare  Au  layer  is  detrimental  to  the  contact  properties,  as  shown  in  Tab.  1,  due 
to  the  metallurgical  interactions  with  the  underlying  Ge/Pd  layers  during  the  325*C  annealing. 
The  insertion  of  a  proper  diffusion  barrier  between  Au  and  Ge,  such  as  Pt/Ti  or  Pd/Ti,  hampers 
the  Au  indiffusion,  leading  to  excellent  q t  and  Aqt  values  (see  Tab.  1).  The  pt  values 
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slightly  lower  than  for  bare  Ge/Pd,  can  be  justified  by  observing  that  the  microprobes  used 
for  TIM  Measurements  are  far  from  the  contact  edge  much  more  than  a  transfer  length.  Hence  the 
parassitic  sheet  resistance  contributes  to  the  total  measured  resistance  and  rises  up  the  Qt 
values.  Such  an  experimental  artifact  is  minimized  by  decreasing  the  contact  sheet  resistance, 
as  shown  in  Tab.  1  for  samples  with  the  metal  over layer. 

4  -  THERMAL  STABILITY 

The  thermal  stability  of  the  Ge/Pd  contact  is  a  fundamental  requirement  for  applications  in 
power  devices  where  high  temperatures,  well  over  100"C,are  steadily  reached  during  the  operat¬ 
ing  life  in  the  channel  region.  Accelerated  aging  tests  at  300*C  have  been  performed  and  re¬ 
sults  concerning  the  Q t  variations  are  shown  in  Fig.  2  for  Ge/Pd  with/without  overlayers  and 
for  AuGeNi  contacts.  The  Ge/Pd  bare  metallization  shows  a  relatively  fast  increase  of  Qt  du¬ 
ring  the  first  tens  of  hours  (Fig.  2a)  followed  by  an  almost  linear  slow  growth,  without  any 
further  increase  of  data  spreading.  The  contact  resitivity  is  almost  twice  after  200  hours, 
but  is  still  acceptable  for  device  applications.  The  physical  mechanism  determining  the  con¬ 
tact  degradation  has  been  tentatively  attributed  to  the  microstructural  modifications  affect¬ 
ing  the  PdGe/Ge(xtl)  interface  /7/.  However,  even  impurity  indiffusion  from  the  annealing 
atmosphere  could  contribute  to  the  observed  contact  resistivity  degradation.  On  the  contrary, 
the  average  Qt  remains  roughly  constant  in  the  case  of  AuGeNi  (Fig.  2a),  but  with  a  substan¬ 
tial  increase  of  the  data  dispersion,  up  to  <4(>t=0.06  Q  mm. 


Annealing  time  (hours) 


Fig.  2  -  Variation  of  the  linear  contact  resistivity  Qt  versus  annealing  time  at  300*C  for 
different  ohmic  contacts.  Lines  are  drawn  for  the  eye  guide. 

The  active  role  of  Au  in  determining  the  contact  resistivity  is  responsible  for  the  peculiar 
behaviour  of  the  Au/Ge/Pd  metallization  upon  storages  at  300’C,  much  different  from  Ge/Pd.  The 
contact  resistivity  noticeably  decreases,  as  well  as  the  data  spread,  within  the  first  hours 
at  300*C  (Fig.  2b),  indicating  that  even  lower  Qt  values  could  be  achieved  by  optimizing  the 
fabrication  process.  For  longer  annealing  times, an  average  value  larger  than  0.5  Q  mm  is  main- 
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tained,  without  any  noticeable  further  degradation, but  not  suitable  for  MESFBT  ohaic  contacts. 
In  the  case  of  the  Au/Pd/Ti  overlayer  (Fig.  2a),  a  dramatic  and  steep  increase  of  pt  is  ob¬ 
served,  suggesting  the  onset  of  detrimental  metallurgical  reactions  between  Ge/Pd  and  the 
overlayer.  In  this  case  the  Q t  values  quickly  become  not  suitable  for  MESFET  applications. 

The  contact  resistivity  values  for  the  Au/Pt/Ti  overlayer  (Fig.  2a)  are  always  smaller  than 
that  of  bare  Ge/Pd,  and  very  close  to  that  of  AuGeNi,  but  with  a  much  narrower  data  spread. 
Thus,  Au/Pt/Ti  appears  as  a  suitable  overlayer  for  device  applications. 

5  -  MESFET  REALIZATION 

Ge/Pd  metallization  with  both  Au/Pd/Ti  or  Au/Pt/Ti  overlayers  has  been  used  for  source  and 
drain  pads  in  0.25  W,  4  double  recessed  gate  fingers  MESFET’s  fabricated  by  a  lift-off  photo¬ 
lithographic  method.  The  substrate  was  a  Cr-doped  S.I.  <100>  GaAs  wafer,  over  which  a  buffer 
undoped  layer  2  pm  thick  and  an  active  layer  0.4  pm  thick  and  S  doped  at  1.5xl017  cm'3  were 
grown  by  VPE.  1pm  long  Au/Pd/Ti  gate  contact  was  deposited  after  the  ohmic  contact  realizat¬ 
ion.  A  200  nm  SiN  passivating  layer  was  PECVD  deposited  prior  chip  scribing  and  mounting.  For 
comparison,  MESFET's  have  been  realized  with  a  similar  procedure  by  using  the  AuGeNi  ohmic 
contact  previously  described.  Typical  values  of  Ge/Pd  MESFET  parameters  are  Idas=150  mA,  gm=60 
mS,  Gain=8  dB  and  Poutput=23  dBm  at  8  Ghz  at  1  dB  compression,  and  are  similar  also  for  the 
AuGeNi  devices.  An  evaluation  of  the  parasitic  source  and  drain  resistances  has  been  accom¬ 
plished  by  using  the  Fukui  method  /8/  coupled  with  the  measurements  of  the  forward  I-V  diode 
characteristics  at  the  gate-source  and  gate-drain  terminal  pads,  on  the  AuGeNi  and  Au/Pd/Ti/ 
Ge/Pd  devices.  As  expected,  the  average  source  and  drain  resistances  for  Ge/Pd  contacts, 
1.59  and  1.95  Q  respectively,  are  lower  than  for  the  AuGeNi  devices,  1.73  and  2.61  Q  respecti¬ 
vely,  owing  to  the  lower  Q t  value. 

6  -  CONCLUSIONS 

The  Ge/Pd  ohmic  contact  offers  a  suitable  option,  alternative  to  the  usual  AuGeNi,  for  MESFET 
applications  due  to  the  excellent  morphological  and  electrical  characteristics.  The  solid  pha¬ 
se  reaction  ruling  the  ohmic  contact  formation  allows  for  a  better  process  control  resulting 
in  good  repeatibility  with  a  small  contact  resistivity  value  dispersion.  The  use  of  a  Au/Pt/Ti 
overlayer  allows  for  a  straightforward  application  of  such  ohmic  contact  in  a  conventional 
MESFET  fabrication  process,  and  moreover  improves  the  contact  thermal  stability. 

Work  partially  supported  by  CNR-P.F.  Materiali  e  Dispositivi  per  l’Elettronica  a  Stato  Solido. 
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RAPID  THERMAL  ANNEALING  OF  TiW  SCHOTTKY  CONTACTS  ON  GaAs 

M.  VAN  HOVE,  M,  de  POTTER,  W.  DE  RAEDT,  G.  ZOU  and  M.  VAN  ROSSUM 
IMEC  vzw,  Kapeldreef  75,  B-3030  Leuven,  Belgium 


Resume  -  La  stabilite  de  ('interface  TiW/GaAs  durant  le  recuit  rapide  a  des  temperatures  aflant  de 
700°C  a  1050°C  a  ete  etudiee  avec  les  techniques  SIMS,  Auger,  RBS,  XRD,  TEM  k  haute  resolution, 
EDS,  et  des  mesures  IV  et  CV.  Les  mesures  de  contacts  Schottky  ont  d£montr£  une  forte  croissance  de 
hauteur  de  barriere,  allant  de  0.70eV  apres  deposition  a  0.95eV  apres  un  recuit  k  950°C,  Les  resultats 
indiquent  une  augmentation  artificielle  de  la  hauteur  de  barriere  due  au  dopage  de  type  p  du  substrat 
par  une  diffusion  de  Ti. 

Abstract  -  The  stability  of  the  TiW/GaAs  interface  during  rapid  thermal  annealing  at  temperatures 
between  700°C  and  1050"C  has  been  investigated  using  SIMS,  Auger,  RBS,  XRD,  cross-sectional  TEM, 
EDS,  IV  and  CV  analysis.  Schottky  contact  measurements  showed  a  steady  increase  of  the  barrier 
height  with  annealing  temperature  from  the  as-deposited  value  of  0.70eV  to  0.95eV  after  annealing  at 
950°C.  The  results  are  consistent  with  an  artificial  barrier  height  enhancement  due  to  p-doping  of  the 
substrate  by  indiffusing  Ti. 


1  INTRODUCTION 

Recently,  there  has  been  an  increasing  interest  in  the  application  of  refractory  gate  metals  in  a  self-aligned  GaAs 
metal-semiconductor  field-  effect  transistor  (MESFET)  technology.  The  processing  requires  the  gate  material  to 
maintain  a  good  rectifying  contact  with  low  leakage  current  and  high  breakdown  voltage  when  subjected  to  high 
temperature  annealing  (~900”C)  necessary  to  activate  the  n+  implant.  The  refractory  metal/GaAs  interface 
has  to  be  mechanically,  chemically  and  electrically  stable.  Most  problems  are  related  with  peeling  off,  chemical 
reaction  and  interdiffusion.  Although  TiW  and  TiW-based  alloys  have  been  frequently  considered  as  appropriate 
candidates  /1,2,3/,  the  stability  of  TiW  during  rapid  thermal  annealing  (RTA)  has  not  yet  been  ascertained.  In 
this  contribution  we  report  an  extensive  study  of  the  TiW/GaAs  interface  after  RTA. 

2  EXPERIMENTS 

After  degreasing  and  in  situ  Ar  sputtercleaning,  thin  films  (50nm-200nm)  of  TiW  were  deposited  on  Si-doped 
GaAs  wafers  (n  ~  E17/cm3)  by  dc  magnetron  sputtering  from  a  30%Ti/70%W  compound  target  The  Ar 
pressure  was  optimized  to  obtain  minimum  film  stress  conditions.  The  composition  of  the  deposited  TiW  films 
was  determined  by  RBS  as  25%Ti/75*/»W,  The  samples  were  subjected  to  RTA  in  forming  gas  ambient  at 
700<’C-1050"C,  10s.  Electrical  measurements  were  performed  on  90^mx90/rm  Schottky  diodes  patterned  by 
standard  lithography.  Alloyed  AuGe/Ni  was  used  as  backside  contact.  In  order  to  avoid  diode  leakage  at  the 
edges  about  200nm  of  GaAs  was  etched  away  in  H2SO4:H202:H2O  before  measurement. 
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Fig.l  -  High  resolution  cross-sectional  TEM  image  of 
the  TiW/GaAs  interface  after  annealing  at  900°C,  10s. 
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Fig. 2  Auger  depth  profiles  of  Ti,  W,  Ga,  As 
and  0  of  as-deposited  and  annealed  (880°C,  10s) 
TiW  films  on  GaAs. 


Fig. 3  -  SIMS  depth  profiles  of  Ti,  W,  Ga  and 
As  of  as-deposited  and  annealed  (950°C,  10s)  TiW 
films  on  GaAs. 
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3  RESULTS  AND  DISCUSSION 

All  the  films  examined  showed  good  adherence  even  after  annealing  at  the  highest  temperatures.  XRD  analysis 
showed  a  clear  W  a-phase  spectrum.  After  annealing,  the  peaks  showed  a  reduction  of  the  halfwidth,  which 
can  be  attributed  to  grain  size  growth.  High  resolution  cross-sectional  TEM  examination  (fig.l)  showed  good 
TiW/GaAs  interface  stability.  However,  local  island  growth  of  epitaxial  phases  induced  by  RTA  were  found.  No 
clear  morphologic  structure  in  the  TiW  film  could  be  detected  by  TEM,  due  to  the  very  strong  absorption  of 
the  electron  beam  by  the  metal.  Auger  (fig. 2),  SIMS  (fig.3),  RBS  (fig. 4)  and  EDS  show  significant  motion  of 
the  Ti  resulting  in  surface  accumulation  as  well  as  Ti  diffusion  into  the  GaAs  substrate.  The  W/GaAs  interface 
however  remains  stable  for  temperatures  up  to  ~1000°C. 

Forward  and  reverse  current-voltage  characteristics  of  as-deposited  and  annealed  TiW  Schottky  contacts  are 
shown  in  fig.5.  They  show  a  continuous  increase  in  both  the  ideality  factor  and  the  Schottky  barrier  heights 
extracted  from  IV-  and  CV-data  (fig. 6).  Diodes  annealed  at  950®C  have  a  barrier  height  as  high  as  0.95eV 
(IV-value),  which  is  considerably  higher  than  the  value  of  0.70eV  obtained  for  nonannealed  diodes.  Significant 
degradation  of  the  diodes  occurs  after  annealing  at  temperatures  higher  than  1000°C,  coinciding  with  the  onset 
of  W/GaAs  interdiffusion. 

Breakdown  characteristics  of  as-deposited  and  annealed  TiW/GaAs  contacts  are  depicted  in  fig.7.  Unan¬ 
nealed  diodes  show  a  soft  turn-on  of  the  breakdown,  which  is  characteristic  for  Schottky  diodes.  After  annealing 
the  breakdown  voltage  increases  and  the  characteristics  become  avalanche-like.  Measurements  at  higher  tem¬ 
peratures  show  an  increase  in  breakdown  voltage,  which  confirms  avalanche  being  the  breakdown  mechanism. 

The  RTA-induced  properties  of  the  contacts  are  consistent  with  the  Shannon  contact  structure  /4/  (metal/p+- 
GaAs/n-GaAs).  The  p+-formation  is  attributed  to  the  indiffusion  and  activation  of  Ti  which  is  known  to  have 
acceptor  levels  in  GaAs  /5,6/.  Due  to  the  p+-layer  formation  a  barrier  height  enhancement  occurs.  With 
increasing  annealing  temperature  the  p+-  layer  becomes  thicker  and/or  more  highly  doped.  This  explains  the 
steady  increase  of  the  barrier  height  with  annealing  temperature.  It  is  estimated  that  a  l.E18/cm3  p+-layer  of 
200A  thickness  can  account  for  the  250meV  difference  in  the  barrier  height  between  the  as-deposited  and  950°C 
annealed  diodes.  The  avalanche  breakdown  behaviour  of  the  annealed  diodes  is  consistent  with  the  formation  of 
a  p+-layer  between  the  metal  and  the  n-GaAs  substrate.  Breakdown  will  be  initiated  by  avalanche  multiplication 
at  the  p+/n  junction. 

Our  observations  show  that  rapid  thermal  annealed  TiW/GaAs  contacts,  and  Shannon  contacts  in  general, 
can  have  advantageous  properties  for  application  in  a  self-aligned  MESFET  technology. 
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Fig.4  -  RBS  spectra  of  TiW/GaAs  samples  an¬ 
nealed  at  different  temperatures. 


Fig.6  -  Ideality  factors  and  barrier  heights  for 
TiW/GaAs  contacts  annealed  at  different  tempera¬ 
tures. 


Fig.5  -  Forward  and  reverse  current-  voltage  char¬ 
acteristics  for  TiW/GaAs  contacts  annealed  at  dif¬ 
ferent  temperatures. 


Fig-7  -  Reverse  leakage  current  versus  reverse 
applied  voltage  of  as-deposited  and  annealed  (950“C, 
10s)  TiW/GaAs  contacts. 
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0.9  eV  POTENTIAL  BARRIER  SCHOTTKY  DIODE  ON  0.75-0.5  eV  GAP 
Gax In1 _ x  AS\a-Si :H\Pt 


A.  DENEUVILLE,  F.  VALENTIN  and  S.  BELKOUCH 

Laboratoire  d 'Etudes  des  Proprldtds  Electroniques  des  Solides ,  CNRS, 
BP  166,  F-38042  Grenoble  Cedex,  France,  Associated  with  University 
Joseph  Fourier,  Grenoble,  France 


R6sum6  -  Les  courbes  I(V,T)  de  ces  structures  pour  1000  A  de  a-Si:H  et  x  =  0.2  et  0.47  sont  similaires  &  celles 
des  diodes  Pt/a-Si:H  et  en  consequence  controldes  par  l’interface  Pt/a-Si:H.  Ceci  ouvre  de  nouvelles 
perspectives  pour  les  MESFET  sur  GaxIni.xAs. 

Abstract  -  The  I(V,T)  curves  of  such  structures  for  1000  A  of  a-Si:H  and  x  =  0.2  and  0.47  are  both  similar  to 
those  of  Pt/a-Si:H  diodes,  so  controlled  by  the  Pt/a-Si:H  interface.  This  opens  new  perspectives  for  MESFET 
on  GaxIni_xAs. 


1  -  INTRODUCTION 

The  transmission  wavelengths  of  optical  fibers  fit  the  gap  of  Gao.47Ino.53As  (0.75  eV)  or  Gao.2Ino.8As  (0.5  eV). 
Integrated  circuits  with  detection  and  treatment  of  the  photoinduced  current  are  wished.  At  this  moment  neither  MISFET 
nor  MESFET  structures  are  satisfactory  respectively  from  problems  to  prepare  good  insulators  on  ni-V  semiconductors 
and  from  the  pinning  of  the  Fermi  level  at  the  metal  UI-V  interface  very  close  to  the  conduction  band  edge.  Loualiche  et 
al  III  have  shown  that  a  0.78  eV  potential  barrier  can  be  obtained  with  the  structure  Gao.47lno.53As\a-Si:H(1000  A)\Pt. 
The  aim  of  this  work  is  to  reproduce  this  result,  to  improve  the  performance  of  the  structure  and  to  check  if  it  works  also 
on  the  0.5  eV  gap  semiconductor  Gao.2Ino.8As  of  the  same  family. 

2  -  PREPARATION  AND  APPARATUS 


The  GaxIni.xAs  films  grown  by  MBE  on  semi-insulating  InP  are  supplied  by  Loualiche  of  CNET  Lannion. 

The  a-Si:H  films  (1000  A)  are  deposited  by  glow  discharge  decomposition  of  SiHt  in  SiH4  10  %/H2  90  %  mixture  at  a 
total  pressure  of  1 .9  Torr  and  230°  C  on  the  GaxIni.xAs  and  also  on  high  resistivity  Si  monocristal  for  physicochemical 
characterisation.  This  is  mainly  done  from  the  analysis  of  its  infrared  absorption  by  a  Perkin  Elmer  683  Infrared 
Spectrophotometer. 

The  height  of  the  potential  barrier  is  derived  from  the  analysis  of  the  I(V,T)  characteristic  which  is  recorded  from  200  to 
400  K  by  a  Keithley  617  electrometer  controlled  by  a  microcomputer  Apple  n. 

3  -  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  a-Si:H  is  an  amorphous  wide  band  gap  ( —  1.8  eV)  semiconductor  whose  properties  depends  mainly  on  the 
hydrogen  content.  At  low  thicknesses,  oxygen  can  also  be  included  in  the  film  which  damages  its  properties.  Hydrogen 
content  as  well  as  oxygen  contamination  of  a-Si:H  film  can  be  studied  through  the  specific  absorption  bands  of  Si-H  and 
Si-O  bonds.  There  are  several  absorption  bands  according  to  the  mode  of  vibration  of  the  bond.  We  check  here  the 
wagging  mode  of  the  Si.H  bond  around  630  cm-1  and  the  stretching  mode  of  the  Si-O  bond  around  ~  1050  cm-1.  Their 
oscillator  strength  is  constant  /2 /,  /3/,  which  allows  a  derivation  of  the  H  and  O  concentration  from  the  area  of  the 
absorption  bands  after  calibration.  For  instance,  the  I-R  absorption  band  for  the  1000  A  a-Si:H  film  is  given  on  Fig.  1 . 
From  the  aera  of  the  630  and  1050  cm-1  bands  we  deduce  an  hydrogen  content  of  ~  28  %  and  an  oxygen  contamination 
of  ~  0.2  %.  The  hydrogen  content  is  as  usually  higher  than  in  thick  films,  the  oxygen  contamination  is  at  a  quite 
satisfactory  low  level. 
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Fig.  1  -  A  typical  infrared  absorption  curve  for  1000  A  of  a-Si:H  deposited  at  230°  C  by  a  50  kHz  glow  discharge. 

The  I(V,T)  curves  of  both  the  Gao.47Ino.53As  and  Gao.2ln0.8As  structrues  exhibit  a  Schottky  behaviour  as  shown 
respectively  on  Fig.  2  and  3.  In  both  cases,  the  current  density  increases  from  ~  10  nA/cm2  to  ~  104A/cm2,  and  the 
ideality  factor  n  decreases  from  1.6  down  to  1.1  as  the  temperature  increases.  There  is  also  for  both  structures  an 
inactivated  current  component  appearing  below  ~  260  K  and  whose  relative  intensity  increases  as  the  temperature 
decreases.  This  may  be  tentatively  attributed  to  a  tunnel  component  through  the  localized  levels  of  a-Si:H 


Fig.  2  -  The  I(V,T)  curves  of  a  Pt\a-Si:H^Gao.47lno.53As  structure. 
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Fig.  3  -  The  I  (V,T)  curves  of  a  Pt/a-Si:H/Gao.2lno.8As  structure. 

From  the  extrapolation  of  the  linear  part  of  the  forward  characteristic  to  zero  voltage,  we  deduce  the  saturation  density  of 
current  at  each  temperature.  It  is  thermally  activated,  with  respectively  0.94  eV  (Fig.  4)  and  0.84  eV  for  the 
Gao.47Ino.53As  and  Gao.2Ino.8As  structures. 


JO 


Fig.  4  -  The  saturation  current  Js  versus  the  reciprocal  temperature  for  the  Pt/a-Si:H/Gao.47lno.53As  structure. 
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So  the  I(V)  curves  of  these  structures  can  be  represented  by  J  =  A  exp  -  [  exp  -  1  ]  as  for  the  usual  Schottky 

diode,  except  that  as  for  Metal/a-Si:H  /4/  diode  we  cannot  choice  between  a  diffusion  or  thermoionic  behaviour  for  the 
saturation  current.  The  ideality  factor  and  the  saturation  current  are  higher  and  the  potential  barrier  slightly  lower  for  the  x 
=  0.2  than  for  the  x  =  0.47  structure. 

If  we  compare  to  the  results  of  Loualiche  et  al  /!/  for  x  =  0.47  we  get  here  at  room  temperature  n  =  1.2  instead  of 
n  =  2  Js  ~  1010  A/cm2  instead  of  10'7  A/cm2,  q0B  ~  0.9  eV  instead  of  0.78  eV  for  the  same  a-Si:H  thickness  of 

1000  A. 

for  x  =  0.2,  n  =  1.35  Js  ~  10'10  A/cm2  and  q0B  ~  0.84  eV. 

So,  the  structures  have  been  improved  in  regard  to  the  previous  ones  (lower  n  and  Js,  higher  q0g)and  the  results  are 
similar  for  x  =  0.2  and  0.47.  The  ideality  factor,  current  density  and  potential  barrier  obtained  here  are  also  similar  to 
those  of  Metal/a-Si:H  Schottky  diodes.  So,  this  suggests,  that  the  I(V,T)  curves  of  this  kind  of  structure  are  mainly 
controlled  by  the  Metal/a-Si:H  interface,  which  is  confirmed  by  measurement  on  the  same  type  of  structure  with  various 
cristalline  semiconductors  /5/. 


CONCLUSION 

We  have  shown  that  Schottky  type  structures  Pt/a-Si:H/GaxIni-xAs  (x  =  0.2  and  0.47)  can  be  obtained  for  1000  A  of 
a-Si:H  with  good  ideality  factors,  low  saturation  currents  high  potential  barriers,  significantly  improved  in  regard  to  the 
previous  results  on  x  =  0.47,  similar  to  those  of  Pt/a-Si:H  diodes.  These  caracteristics  are  controlled  by  the  Pt/a-Si:H 
interface,  and  so,  the  potential  barrier  0.9  eV  is  much  higher  than  that  of  Pt/GaxIni.xAs  (<  0.3  eV)  which  will 
considerably  help  for  MESFET  structures. 
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RESUME  -  Tant  pour  les  transistors  a  effet  de  champ  a  jonction  que  pour  les 
transistors  bipolaires  a  heterojonction  de  la  famille  GalnAs/InP,  l'obtention 
de  contacts  ohmiques  de  type  P  a  faible  resistivite  est  une  etape 
particulierement  critique  en  raison  de  la  forte  hauteur  de  barriere  Schottky 
sur  ces  materiaux.  La  realisation  d'un  surdopage  p+  par  diffusion  de  Zn  en 
boite  semi-fermee  ainsi  que  l'utilisation  de  l'alliage  MnAu  ont  permis  de 
resoudre  ces  problemes  :  une  resistivite  de  contact  aussi  faible  que  10~? 
Cl  cm^  a  en  effet  pu  etre  obtenue. 

ABSTRACT  -  For  GalnAs/InP  junction  field  effect  transistors  as  well  as 
heterojunction  bipolar  transistors,  the  achievement  of  very  low  resistivity  D 
type  ohmic  contact  is  a  very  critical  step  because  the  Schottky  barrier  height 
on  these  materials  is  quite  high.  The  realization  of  a  highly  doped  P+  layer 
by  Zn  diffusion  in  a  semi-closed  box  and  the  use  of  MnAu  alloy  contact  have 
allowed  to  solve  these  difficulties  :  in  fact,  a  contact  resistivity  as  low  as 
10"?  Cl  cm2  has  been  obtained. 


1  -  INTRODUCTION 

GalnAs  and  AlGalnAs  materials,  lattice  matched  to  InP,  are  currently  of  first 
importance  for  optoelectronic  devices  in  the  1.3  -  1,55  pm  wavelength  range  /!/. 
Furthermore,  the  combination  of  a  high  electron  mobility  and  good  quality 
heterojunctions  predestinate  them  for  high  frequency  systems  /2/.  To  take  advantage  of 
these  potentialities,  it  is  essential  to  minimize  all  the  parasitic  RC  components  and  so 
to  reduce  the  specific  contact  resistances.  Thus,  for  instance,  microwave  power  and 
noise  behaviour  of  field  effect  transistors  (FETs)  are  strongly  dependent  on  the  gate 
resistance  ;  for  junction  FETs,  this  is  particularly  critical  :  besides  the  influence  of 
the  gate  metal  resistance  (as  for  MESFETs),  the  contact  resistance  and  the  spreading 
resistance  of  the  gate  layer  are  very  important.  The  situation  is  equivalent  for 
heterojunction  bipolar  transistors  (HBTs)  for  which  the  base  resistance  is  a  key  point. 

For  (GaInAs)i-z(AlInAs)z,  a  Fermi  level  pinning  has  been  found  at  about  (0.5+0.3z)  eV 
above  the  valence  band,  due  to  surface  states  of  the  metal  semiconductor  interface. 
This  implies  barrier  heights  on  GalnAs  close  to  0.2  eV  for  0gn  and  0.55  eV  for  <#>Bp. 
Consequently,  while  extremely  low  specific  contact  resistances  are  achievable  on  n 
(Al)GalnAs,  good  ohmic  contact  on  p  (Al)GalnAs  are  very  difficult  to  obtain. 

The  AuZn  alloy  is  currently  used  to  contact  p-type  Ga(Al)InAs  /3/.  However,  Zn 
outdiffusion  during  the  alloying  step  generates  an  increase  of  the  metal  resistance. 
Besides,  for  JFETs  as  well  as  HBTs,  the  contact  must  be  shallow  (<  1000  A  )  in  order  to 
maintain  the  quality  of  the  underlying  pn  junction.  The  non  alloyed  TiAu  metal  is  also 
very  often  used  /4 /  but  the  best  resistivity  obtained  with  this  metal  (*2.10‘6  Cl  cm2)  is 
not  a  quite  satisfactory  value  for  high  performances  microwave  transistors. 

This  paper  presents  the  technique  we  have  developed  to  obtain  reproducible  low 
resistivity  p  type  ohmic  contacts  :  it  is  based  on  the  use  of  MnAu  alloyed  on  a  Zn 
diffused  (Al)GalnAs  layer.  The  performance  of  the  contact  will  be  described  in  terms  of 
the  d.c.  contact  resistance  and  two  devices  (JFETs  and  HBTs)  using  this  process  will  be 
characterized. 


2  -  EXPERIMENTAL  PROCEDURE 

The  (GaInAs)i-z(AlInAs)z  layers  used  in  this  work  have  been  grown  by  Molecular  Beam 
Epitaxy  on  semi-insulating  InP  /5/.  The  samples  provided  for  evaluating  the  contact 
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resistivity  by  the  transmission  line  model  (TLM)  /6/,  are  non  intentionally  doped.  The 
JFET  and  HBT  structures  depicted  in  figure  1  are  detailed  elsewhere  / 7,8/.  In  all  cases, 
the  process  can  be  divided  in  three  main  parts  : 

a)  Zn  diffusion  :  it  occurs  in  a  semi-closed  quartz  box  / 9,10/,  with  ZnAs2  as 
diffusion  source  under  a  flow  of  purified  H2-  The  diffusion  temperature  is  500 *C  for 
GalnAs  and  480  *C  for  AlGalnAs, 

b)  4  %  Mn  96  %  Au  deposition  :  the  metals  are  deposited  using  electron 
beam  evaporation  with  a  background  pressure  of  2.10-7  Torr.  Deposition  lates  of  5  A/s 
for  Mn  and  10  A/s  for  Au  are  regulated  by  a  controller.  The  Mn  is  deposited  first.  The 
proportion  of  Mn  optimized  for  GaAs  / 11/  has  been  kept  for  (Al)GalnAs. 

c)  Annealing  :  the  samples  are  annealed  in  a  conventional  furnace  under  a 
flow  of  Ar-H2  gas.  They  are  heated  till  they  reach  the  chosen  temperature  and  then 
immediately  transfered  in  the  cold  part  of  the  furnace.  With  such  an  annealing 
technique,  a  temperature  of  300  *C  is  reached  with  a  thermal  time  constant  of  25  s. 


Zn  diffused 

/  InGaAs  Si 


Figure  1  :  JFET  and  HBT  structures 


3  -  RESULTS  AND  DISCUSSION 

The  Zn  diffusion  has  been  investigated  for  different  compositions  of  (GaInAs)j-z 
(AllnAs)z.  Figure  2a  illustrates  the  Zn  diffusion  speed  for  z  =  0  and  z  =  0.4  ;  a  high 
surface  concentration  is  obtained  :  4.1019  cm-3  for  GalnAs  (figure  2b)  which  is 
essential  for  reducing  the  p  contact  resistivity.  Besides,  the  reproducibility  of  the 
technique  and  the  abrupt  junction  profile  give  a  very  good  control  of  diffused  depths. 
Finally,  the  high  quality  of  these  p-n  junctions  has  allowed  to  fabricate  GalnAs  JFETs 
with  low  gate  leakage  currents  (Ig  <  25  nA  at  Vg  =  -  5  V),  showing  thus  the 
under-layer  is  not  damaged  during  the  diffusion  process. 


VT  (»in.1/2)  Xd  (m) 


Figure  2  :  a)  Zn  diffusion  speed  for  z=0  and  z=0.4 
b)  Zn  Electrical  profile  (  POLARON  ) 


C  Cl  cm^) 
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Several  experiments  with  TLM  stripes  have  been  performed  for  determining  the 
minimum  of  contact  resistivity  as  a  function  of  the  annealing  temperature  (Fig.  3).  For 
as  deposited  contacts,  TLM  evaluation  gives  specific  resistances  close  to  10~5  /}  cm2 
for  GalnAs  and  10-4  O  cm2  for  (GaInAs)o.6(AlInAs)o.4.  The  best  contact  resistivities  Rc 
are  obtained  after  an  annealing  at  290  *C  ;  Rc  is  lower  than  10-7  D  cm2  for  GalnAs  and 
Rc  =  10~6  fi  cm2  for  z  =  o.4.  These  values,  which  are  particularly  reproducible,  are  the 
lowest  ever  reported  on  these  types  of  materials. 


Figure  3  :  Variation  of  the  specific  contact  resistivity  with  the  Zn  doping  level 


Figure  3  illustrates  also  the  interest  to  "over-dope"  p  type  layers  by  a  Zn  diffusion  : 
with  a  p  doping  of  2.1017  cm~3t  the  contact  resistivity  is  not  better  than  3.10"5  Q  cm2. 
The  variation  of  Rc  with  the  doping  level  is  shown  in  Figure  4a.  Such  a  behaviour  can 
be  expected  referring  to  two  main  effects  (figure  4b): 

-  the  high  doping  level  due  to  the  diffusion  process  reduces  the  barrier 
width  and  makes  easier  the  conduction  by  tunneling  between  the  metal  and  the 
semiconductor. 

-  the  shallow  diffusion  of  Mn  (<  1000  A)  reduces  again  the  barrier  width. 


Figure  4  :  a)  variation  of  the  contact  resistivity  with  the  Zn  concentration 

b)  Schematic  valence  band  diagram  at  the  equilibrium,  after  Zn  diffusion  and 
after  MnAu  alloying 
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These  two  characteristics  have  been  exploited  for  the  processing  cf  JFETs  and  HBTs. 
Even  if  the  geometries  of  the  devices  are  quite  large  :  gate  length  of  2.5  pm  for  the 
JFET  and  emitter  width  of  10  pm  for  the  HBT,  their  frequency  behaviour:  is  excellent  : 
a  maximum  oscillation  frequency  of  14  GHz  is  reached  for  the  JFET  (which  is  the  best 
value  reported  for  diffused  JFETs)  and  a  transition  frequency  of  1.7  GHz  for  the  HBT 
/12/. 


4  -  CONCLUSION 

MnAu  alloyed  contacts  with  excellent  ohmic  characteristics  have  been  fabricated  on  p+ 
diffused  (Al)GalnAs  ;  the  technique  presented  here  is  an  efficient  method  for  obtaining 
very  low  contact  resistivities  required  for  high  performances  JFETs  and  HBTs  as  well 
as  lasers  and  photodiodes.  The  lowest  contact  resistivity,  <  10"?  O  cm2,  is  found  to 
occur  with  an  annealing  temperature  near  290  °C.  This  resistance  value  is  the  lowest 
ever  reported  for  contact  to  p-type  GalnAs. 
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Abstract  -  Monoenergetic  positrons  with  variable  energies  were  used  to  study  the  depth 
distribution  of  implantation-induced  vacancy-type  defects  in  undoped  GaAs  and  p-type  Si.  In  B4- 
and  As4-  implanted  Si  substrates,  parabolic-type  distributions  of  vacancy-type  defects  were 
observed.  In  Si4-imp1anted  GaAs,  the  concentration  of  vacancy-type  defect  decreased  continuously 
with  increasing  depth  below  the  surface.  The  distribution  of  defects  changed  into  parabolic-type 
in  annealing  the  Si4-implanted  GaAs  above  the  temperature  of  900  °C. 


1-INTRODUCTION 


Processing  of  semiconductors  often  involves  the  use  of  ion  implantation  as  a  means  of 
Introducing  dopant  impurities.  After  implantation  the  semiconductor  lattice  will  not  only  be 
damaged,  but  in  addition,  will  be  left  a  nonuniform  lattice  displacement  /l/.  Although  a  lot  of 
researches  have  been  theoretically  proceeded  to  understand  the  mechanism  of  defect  production 
during  the  ion-implantation  into  semiconductor/1,2/,  their  validities  have  not  yet  been  confirmed 
experimentally  because  of  the  lack  of  suitable  techniques.  Especially  little  is  known  on  the 
behavior  of  electron  traps  in  the  implanted  region  in  activating  the  ion-implanted  CaAs. 

In  the  present  work,  we  report  the  application  of  the  monoenergetic  positron  beam  technique 
for  the  study  of  vacancy-type  defects  in  both  B4-and  As4-implanted  Si  and  Si4-implanted  GaAs.  The 
depth  distributions  of  vacancy-defects  below  the  surface  were  investigated  in  activating  the  Si4- 
implanted  GaAs  by  a  two-step  annealing  technique  in  which  a  high-temperature  main  anneal  step  is 
followed  by  a  second  anneal  at  a  low  temperature  /3/.  The  results  were  discussed  in  conjunction 
with  those  obtained  by  Hall  measurements  and  deep  level  transient  spectroscopy  (DLTS). 

2-EXPERIflENTAL  METHODS 


Undoped  semi-insulating  liquid  encapsulated  Czochralski  (100)  GaAs  samples  were  implanted  with 
the  doses  of  4.6xlOia,  3xl0,a,  and  3xl0ia  Si4  c«ra  for  the  energies  of  20,  30  and  120  keV,  respec¬ 
tively.  To  compare  the  defect  generation  behavior  in  elemental  semiconductors  with  that  in 
compound  ones,  implantations  with  80  keV  B4  and  150  key  As4  were  done  on  p-type  (100)  Si  wafers, 
respectively.  In  order  to  examine  the  carrier  generation,  GaAs  samples  implanted  with  the  dose 
of  3xl0l:l  Si4  .  cm"a  at  an  energy  of  120  keV  were  used.  The  implanted  specimens  were  protected 
by  a  2000  A  silox  encapsulating  layer  to  minimize  As  loss  from  the  surface  and  then  annealed  by  a 
two-step  rapid  thermal  annealing  (RTA).  First  stage  annealing  was  done  at  900  and  920  °C  for 
a  period  of  5  s  under  flowing  ultra-pure  nitrogen  gas.  RTA  temperatures  for  second  stage  anneal¬ 
ing  were  800  and  850  °C  for  periods  of  10-30  s  to  examine  the  improvement  of  electrical  properties 
by  two-step  annealing.  After  chemically  removing  the  silox  encapsulating  layer,  the  wafers  were 
characterized  by  mono-energetic  positron  beam  measurements,  Hall  measurements  and  DLTS. 

Monoenergetic  positron  beam  technique  enables  to  study  an  atomic  scale  disorder  at  the 
surface  and  in  the  sub-surface  reglon/4-6/.  The  implanted  positron  eventually  annihilates  with  an 
electron,  producing  two  annihilation  photons.  A  Doppler  broadened  profile  of  these  annihilation 
photons  can  provide  the  momentum  distribution  of  the  annihilating  electrons.  A  positron  is 
repelled  from  positively  charged  ion  cores  by  a  coulomb  Interaction.  In  a  perfect  metal  the 
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Doppler  broadened  energy  spectrua  consists  of  botb  a  narrow  parabolic  part  corresponding  to  tbe 
annihilation  with  conduction  electrons  and  a  broad  one  with  core  electrons.  In  a  aetal  containing 
a  high  concentration  of  vacancy-defects  positron  annihilates  selectively  at  vacancies  of  open- 
voluae  defects.  As  a  result,  tbe  contribution  of  core  electrons  in  the  Doppler  broadened  energy 
spectrua  is  reduced  and,  in  turn,  that  of  conduction  electrons  is  increased.  Tbe  llnesbape 
paraaeter  S  which  is  defined  as  tbe  ratio  of  the  central  region  to  tbe  total  counts  of  tbe 
Doppler  broadened  energy  spectrua  shows  the  annihilation  characteristics.  Froa  the  change  of 
tbe  S  paraaeter,  one  can  derive  the  inforaatlon  about  the  fraction  of  positrons  which  annihilate 
in  such  defects  and  the  concentration  of  defects  through  the  positron  trapping  aodel  /6/.  Once  we 
are  able  to  get  slow  positrons,  tbe  acceleration  of  then  with  a  desired  energy  aakes  it  possible 
to  adjust  the  iaplantation  profile  of  positrons  to  restricted  regions  of  interest  in  the  speciaen 
under  study. 

The  present  experiaents  were  perforaed  with  a  variable-energy  positron  beaa  line  in  ultra- 
high  vacuua  /5/.  Positrons  eaitted  froa  a  ■■(ia  source  are  aoderated  by  a  venetlan-type  vane 
which  is  aade  of  well  annealed  tungsten  foils  with  a  thickness  of  25.4  n  a.  Iaplanted  positrons 
tend  to  diffuse  back  to  the  surface,  because  of  the  negative  work  function  of  a  positron  for 
aetals  and/or  the  presence  of  a  deep  potential  well  at  the  surface  inage  potential  /7/.  Positrons 
theraallzing  within  a  diffusion  length  of  the  aoderator  surface  can  reach  tbe  surface  and  then 
they  are  eaitted  into  vacuua.  Slow  positrons  eaitted  froa  the  aoderator  are  guided  by  nine 
separated  aagnetic  coils  of  100  G  with  a  diaaeter  of  700  aa.  Acceleration  of  slow  positrons  is 
perforaed  by  applying  a  high  desired  voltage  between  0.1  -  50  kV  to  the  source  chaaber.  The  source 
cbanber  is  floated  by  a  ceranlc  break. 

The  Doppler  broadening  profiles  of  annihilation  radiations  were  measured  by  a  high  purity 
Ge  detector  with  an  energy  resolution  of  1.1  keV  in  FWHfl  for  the  512  keV  7  rays.  Annihilation 
spectra  with  total  counts  of  5  x  10s  were  taken  at  various  incident  positron  energies.  The 
central  region  of  the  7  spectrua  was  defined  froa  510.5  to  511.5  keV.  The  Incident  energy  of  the 
positron  beaa  was  adjusted  froa  100  eV  to  25  keV.  All  measurements  were  perforaed  at  rooa 
temperature  and  the  vacuua  in  the  present  experiments  was  8  x  10~9  Torr. 

3-RESULTS  AND  DISCUSSIONS 


Figure  1  shows  tbe  variation  of  the  S  paraaeter  as  a  function  of  incident  positron  energy  E 
for  the  three  Si*-laplanted  CaAs  specimens.  Tbe  relation  between  the  positron  incident  energy  E 
and  tbe  aean  positron  iaplantation  depth  a  is  given  by/4/ 

347 

a  (A)  =  -  E  (keV)  (1) 

P 

where  p  is  the  density  of  the  speciaen.  Tbe  values  of  a  are  shown  in  a  horizontal  axis  together 
with  the  positron  indicent  energy  in  Fig.l.  The  value  of  S  decreases  continuously  with 
increasing  depth  below  the  surface,  Tanigawa  et  al/8/  reported  that  any  detectable  doping  effect 
could  not  be  found  in  Si  by  the  angular  correlation  aeasureaents.  They  considered  that  no 

trapping  effect  is  due  to  the  weak  trapping  power  of  iapurities,  that  is,  an  interstitial-type 

defect  does  no*  have  such  a  trapping  potential  for  a  positron.  Thus  the  difference  of  the  S 
parameters  between  the  iaplanted  and  the  unlaplanted  CaAs  specimens  is  attributed  to  tbe 
introduction  of  vacancy-type  defects  by  the  ion  iaplantation.  The  daaaged  region  shifts  toward 
inside  of  the  speciaen  with  applying  the  high  energy  of  Si*  to  CaAs. 

Gibbons  et  al/1/  theoretically  suggested  the  generation  of  high  concentration  of  vacancies  by 
the  recoils  of  Ga  and  As  froa  near-surface  region.  They  observed  tbe  stacking  faults  and  the 
alcrotwins  surrounded  by  dislocation  networks  extending  tbe  surface  in  the  cross-section  of  Si* 
-iaplanted  CaAs  /9/.  It  is  generally  accepted  that  Vom  is  of  acceptor  type  and  can  exist  in 
negatively  charged  or  neutral  states.  On  the  contrary  Van  is  of  donor  type  and  its  charge  state 
can  be  negatively,  neutral  or  positively  charged  depending  on  the  position  of  the  Ferai  level 
/10/.  It  has  been,  however,  reported  that  positron  cannot  be  trapped  at  Van.  Therefore  it  is 

apparent  that  the  S  paraaeter  change  as  a  function  of  depth  is  related  to  the  distribution  of 

Ga  vacancy  and  vacancy  aggloaerates. 

The  S  parameters  as  a  function  of  incident  positron  energies  for  B*-  and  As*-laplanted  Si 
specimens,  respectively,  are  shown  in  Fig. 2.  The  defects  for  both  types  of  specimens  are  found  to 
be  distributed  in  a  parabolic  fora,  which  are  clearly  coapared  with  the  defect  profiles  in  CaAs, 
given  in  Fig.l.  This  Implies  that  the  vacancy  generation  aechanisa  for  ion  iaplants  into  GaAs  is 
different  froa  that  into  Si.  According  to  the  calculation  given  by  Gibbons  et  al  /l/,  vacancies 
are  produced  froa  the  origin  points  of  high  energy  recoils.  Consequently  the  concentration  of 
lalantatlon-lnduced  vacancy  decreases  Iogarithalcally  froa  the  surface  to  the  inside  of  bulk  which 
is  clearly  consistent  with  the  present  experimental  results  in  Si*-iaplanted  CaAs.  They  suggest 
ed  the  distribution  of  aioaic  displacement  with  a  parabolic  shape  which  is  originated  froa  the 
final  stopping  points  of  the  recoils  /l/,  naaely  low  energy  recoils.  The  distribution  shape, 
resulting  froa  tbe  low  energy 'recoils,  agrees  with  that  of  the  defect  profiles  in  B*-  and  As*- 
iaplanted  Si,  which  suggests  the  low  energy  recoils  aight  doainate  the  vacancy  generation  in  ion 
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(■plants  into  Si.  However  the  reason  why  different  nechanisns  for  the  production  of  vacancy-like 
defects  during  ion-iaplantation  are  working  in  Si  and  CaAs  retains  open. 
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Fig.l  S  parameter  versus  the  incident  positron 
energy  and/or  the  depth  for  Si*-iaplanted  GaAs 
saaples  with  different  inplantation  energies 
and  dose  aaounts. 
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Fig. 2  S  parameter  as  a  function  of  the  incident 
positron  energy  and/or  the  depth  for  B*-  and 
As+-iaplanted  Si  saaples. 


Variation  "f  S  paraaeters  versus  incident  positron  energy  in  saaples  activated  by  the  two-step 
annealing  process  is  illustrated  in  Fig. 3.  The  daaage  profiles  after  RTA  are  parabolic-type 
distributions,  in  which  defect  concentration  is  not  dependent  upon  the  duration  tiae  of  the 
second-stage  anneal.  Ralston  et  a 1/ 11/  suggested  that  the  distribution  of  dislocation  loops  as 
a  function  of  depth  froa  the  surface  of  ion-iaplanted  GaAs  was  a  parabolic-type,  which  is  con¬ 
sistent  with  that  indicated  by  slow  positron  aeasureaent  (  see  Figure  3  ).  Potentially  great 
interest  in  Fig. 3  is  the  lack  of  recovery  of  Ga-related  daaage  induced  by  ion  iaplantation  during 
RTA. 
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FI*. 3  S  paraaeter  versus  the  incident  positron 
energy  and/or  depth  in  Sl*-laplanted  undoped 
LEC  GaAs  activated  by  a  two-step  rapid  theraal 
annealing.  The  conditions  of  the  two-step  RTA 
are  900  °C/5  s  +  850  “C/0  s  (Q)i  900  °C/5  s 
+  850  °C/10  s  (  a)j  900  °C/5  s  +  850  °C/20  s 
(  v)j  900  °C/5  s  +  850  °C/30  s  (  o).  Experl- 
aental  results  for  unlaplanted  GaAs  (  • }  is 
also  included. 


Temperoture  (  K ) 

Fig. 4  DLTS  spectra  of  electron  traps  in  Sif- 
laplanted  undoped  LEC  GaAs  activated  by  a  two- 
step  prapld  theraal  annealing  at  (a)  920  °C 
/5  s;  (b)  920  °C/5  s  +  800  °C/10  si  (c)  920  °C 
/5  s  +  800  °C/20  s. 


DLTS  spectra  of  Si'-iaplanted  GaAs  activated  by  a  second  stage  RTA  for  different  tines  are 
shown  in  Fig. 4.  In  the  first  stage  RTA,  three  distinct  DLTS  peaks  are  observed,  which  are  denoted 
as  A,  8  and  C,  respectively.  The  trap  levels  of  the  three  peaks  are  0.26,  0.48  and  0.64  eV, 
respectively.  After  the  second-stage  RTA,  peak  A  diminishes.  The  signal  C  decreases  with 
increasing  the  second-stage  anneal  tiae  whereas  the  height  of  signal  S  is  unchanged.  The  signal 
C  with  an  activation  energy  of  0.64  eV  night  be  related  to  EL3  (0.64  eV)  or  EN2  (0.63  eV)  which 
were  observed  in  SlOi  capped  GaAs  by  Kuzuhara  et  al  / 12/ .  Comparing  DLTS  results  with  depth 
profiles  of  vacancy-type  defects  given  in  Fig. 3,  it  is  believed  that  signal  B  with  an  activation 
energy  of  0.48  eV  is  related  to  the  Ga-related  vacancy-type  defects.  A  lot  of  DLTS  works/13/  have 
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suggested  that  the  trap  level  at  0.53  -  0.57  eV  corresponds  to  iaplantation  Induced  damage,  which 
is  consistent  with  the  present  results. 

The  results  la  Fig. 5,  obtained  from  Hall  measurements,  Indicate  that  two-step  RTA  gives  better 
activation  efficiency  than  one-step  RTA,  which  imply  the  enhancement  of  carrier  generation  with 
Increasing  the  second-stage  anneal  time,  although  the  vacancy-type  defects  produced  by  ion- 
implantation  are  not  recovered  regardless  of  the  duration  of  second-stage  anneal  time,  given  in 
Fig.3.  This  implies  the  activation  of  Si*-implanted  GaAs  proceeds  from  the  exchange  of  inter¬ 
stitial  SI  (Sis)  with  substitutional  Ga  (Gsgs)  given  In  eq.(2),  rather  than  the  trapping  of 
SI i  Into  Ga  vacancy. 


Ga  +  SI  -*  SI*  +  Ga  +  e'  (2) 

oa  i  Ba  i 


However  the  appropriateness  of  this  mechanism  In 
implanted  GaAs  remains  open. 


Second  -  staqe  Anneal  Time(tsec) 
♦-CONCLUSIONS 


interpreting  the  activation  phenomena  of  SI*' 


Fig. 5  Dependence  of  activation  efficiencies  in 
Si*-implanted  undoped  LEC  CaAs  on  the  two-step 
rapid  thermal  annealing  at  900  °C/5  s  +  850  °C 
/t  s  (a);  900  °C/3  s  +  850  °C/t  s  (  O)  j 

920  °C/5  s  +  800  °C/t  s  i  a  ). 


Slow  positron  beam  technique  was  used  to  determine  the  distribution  of  vacancy-like  defects  in 
Si*-lmplanted  GaAs  and  8*-and  As*~implanted  Si.  In  B*-  and  As*-laplanted  Si  substrates,  the 
parabolic- type  distributions  for  vacancy-type  defects  were  observed.  This  implies  the  production 
of  vacancy-like  defects  is  dominated  by  low  energy  recoiling  process  in  ion  implants  into 
elemental  semiconductor.  In  compound  semiconductor  such  as  GaAs,  the  concentration  of  vacancy- 
type  defects  decreased  continuously  with  Increasing  depth  below  the  surface,  which  was  due  to  the 
vacancy  generation  by  high  energy  recoiling  process.  The  continuous  decrease  of  implantation- 
induced  defects  changed  into  the  parabolic-type  distribution  in  the  depth  below  the  surface  by 
annealing  the  Si*-implanted  GaAs.  The  concentration  of  defects  is  not  changed  by  increasing  the 
second-stage  anneal  time  whereas  the  activation  properties  detected  by  Hall  measurements  have  been 
improved. 
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LASER  SCANNING  TOMOGRAPHY  :  A  NON  DESTRUCTIVE  QUALIFICATION  TEST  FOR 
SEMICONDUCTORS 


J.P.  FILLARD 

Laboratoire  LINCS,  Centre  d ' Electronique  de  Montpellier  (CNRS-UR  391), 
USTL,  F-34060  Montpellier,  France 


RESUME  -  Parmi  les  diffferentes  mfethodes  de  caracterisation  des  defauts  dans  les  wafers  de 
semiconducteur.  ies  techniques  par  infra  rouge  doivent  fetre  remarquees  pour  leur  caractere 
parfaitement  non  destructif.  Le  developpement  recent  de  la  tomographie  laser  e  balayage  permel 
d'obtenir  des  images  de  haute  resolution  des  dislocations  decorees  et  des  micropr6cipiies. 
L'exploration  du  materiau  dans  les  trois  dimensions  est  r6alis6e  avec  une  grande  precision  jusque 
dans  le  voisinage  immtdiat  des  zones  actives  des  composants.  On  etudie  l'observation  des  micro 
defauts  et  particulierement  les  substrats  GaAs  de  differentes  natures.  Des  images  A  l  echelle 
microscopique  revelent  des  precipites  de  tailie  bien  inferieure  A  la  limite  de  diffraction  optique. 
Dautres  resultats  ont  aussi  ete  obtenus  sur  InP,  CdTe  ou  Si  ;  la  plus  part  des  semiconducteurs 
classiques  peuvent  etre  analyses  par  tomographie  laser  A  balayage  ce  qui  fait  de  cette  methode  un 
outil  precieux  d' investigation. 


ABSTRACT  -  Among  the  various  physical  approaches  of  the  semiconductor  wafer  defect 
characterization  a  special  attention  is  to  be  payed  to  the  infra  red  imaging  techniques  which  are 
prefectly  non  destructive  Recent  developement  of  the  Laser  Scanning  Tomography  will  be 
emphasized  because  it  gives  highly  resolved  images  of  decorated  dislocations  and 
microprecipitates  .  Three  dimensional  exploration  of  the  material  is  allowed  with  a  large  accuracy 
and  possibly  close  to  the  active  regions  of  the  circuits.  Observation  of  micro  defects  are  reviewed  . 
especially  concerning  GaAs  materials  of  various  origins  and  constitutions.  Microscale  images 
enable  us  to  reveal  very  small  scatterers  even  if  their  size  is  much  smaller  than  the  optical 
diffraction  limit.  Results  obtained  on  other  semi  conductors  such  as  InP.  CdTe  or  Si  will  also  be 
reviewed  ;  most  of  the  conventional  semiconductors  are  relevant  to  this  powerful  technique 
which  is  a  unique  means  of  investigation . 


1  -  INTRODUCTION 

It  is  known  that  compound  semiconductors  (such  as  GaAs  for  instance)  suffer  a  large  diversity  of 
crystallographic  defects  induced  by  the  delicate  interface  equilibrium  during  the  growth  process  and 
also  by  the  post  growth  cooling  transient.  These  defects  diversely  affect  the  behavior  of  the  elaborated 
circuits  and  leads  to  a  scattering  in  the  specifications  /1 ,2,3/ 

In  order  to  control  such  flaws  and  also  to  undertake  a  feedback  on  the  growth  technology  .  several 
inspection  techniques  were  suggested  which  are  more  or  less  destructive  of  the  surface  of  the  wafers; 
also  ingot  or  wafer  annealing  is  often  intentionally  used  to  improve  the  uniformity  of  the 
technological  process  /4/. 

Twelve  years  ago  it  was  suggested  by  Tajima  /V  that  light  scattering  ultra  microscopy  (Tyndall  effect) 
could  be  a  powerful  tool  for  investigating  defects  and  especially  metallurgical  faults  in  GaP  crystals  . 
This  technique  was  afterwards  largely  improved  by  Ogawa  and  coworkers  /6,7,8,9/  who  invented  a 
revamped  experimental  set-up  incorporating  new  devices  like  the  laser  and  the  computer  .  They  used  it 
to  explore  quartz  materials  as  well  as  GaAs ,  InP  ,  CdTe  etc  . . 

This  technique  was  called  Laser  Scanning  Tomography  (LST)  because  a  focused  laser  beam  is 
introduced  in  the  sample  and  linearly  moved  in  order  to  generate  a  virtual  plane  of  illumination  The 
corresponding  light  beam  image  is  collected  by  a  camera  having  a  line  of  sight  at  90*  to  the  beam 
direction,  the  successive  images  being  assembled  by  a  dedicated  computer  This  method  is  attractive 
because  it  gives  three  dimensional  capability  and  is  non  destructive  The  performances  in  contrast 
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sensitivity  and  spatial  resolution  are  especially  high.  To  our  best  knowledge  we  are  presently  the  only 
laboratory  outside  Japan  that  is  equipped  and  experienced  for  such  analysis. 

From  1985  up  until  now  ,  several  studies  were  reported  /10, 11, 12,13/  from  several  laboratories  ,  they  all 
refer  to  large  scale  (  even  wafer  scale  )  images  on  GaAs  materials:  they  provide  us  with  detailed  and 
complex  distributions  of  bright  defects  the  origin  of  which  is  questionable  even  if  a  satisfying  general 
correspondence  is  found  with  other  classical  investigations  such  as  surface  chemical  etching  SCE  /14/  . 
X  ray  topography  1ST  /12/ ,  infra  red  transmission  1ST  /15/  or  cathodo/photo  luminescence  C/PL  /16/  . 

We  have  used  the  LST  method  (see  Ogawa  / 17/ )  with  the  essential  improvement  of  the  optical 
configuration  in  order  to  observe  sub-micron  scale  particles:  higher  optical  magnification  (typically  X 
40  or  larger)  of  the  camera  leads  to  a  field  of  observation  as  small  as  220x220  mm  (frame  memory 
512x512  pixels)  at  a  maximum  distance  of  5  mm  from  the  laser  beam  input  face.  The  tomographical 
"plane"  thickness  was  also  improved  by  a  sharper  focusing  of  the  laser  beam  :  the  minimum  thickness 
achieved  is  10  pm  and  this  plane  is  adjusted  with  the  focus  plane  of  the  camera  objective  (the  thickness 
of  which  is  also  10  |tm).  The  wafer  surface  can  be  approached  to  within  10  |tm  without  introducing 
major  perturbations  in  the  image.  In  that  configuration  of  reduced  field,  the  scanning  of  the  laser 
beam  can  be  introduced  simply  using  a  vibrating  mirror  thus  providing  a  "live"  image  on  the  TV 
monitor.  A  more  reduced  scale  of  analysis  (down  to  the  diffraction  optical  limits  )  allows  us  to  discover 
the  ultimate  objects  giving  rise  to  the  scattering  in  GaAs  bulk  material  .  they  are  all  reducible  to  small 
"droplets"  of  condensed  foreign  atoms  in  the  matrix  . 

These  aggregates  are  found  either  along  the  dislocation  path  as  decoration  precipitates  (DP)  or  in  the 
dislocation  free  zones  as  clouds  of  randomly  distributed  microprecipitates  (MP)  :  these  two  kinds  of 
defects  are  isotropic  Rayleigh  type  /18.19/  scatterers  ;  they  are  the  only  objects  revealed  by  LST  ,  no 
evidence  is  found  for  a  contribution  of  the  EL2  centers  /20.21/  in  the  scattering  mechanism  /22.23.24/  . 

The  presence  of  microprecipitates  in  LEC  grown  GaAs  has  been  also  revealed  by  several  methods  (see 
Stirland  /25/).  For  precipitates  much  smaller  than  1  urn  laser  scanning  tomography  (LST)  is  of  special 
interest  owing  to  its  ability  to  detect  individual  scatterers  which  are  smaller  than  the  diffraction  limit: 
it  is  also  well  suited  for  a  3  dimensional  visualisation  of  these  defects.  We  studied  by  LST  technique 
different  types  of  SI  LEC  GaAs  materials,  namely  undoped.  Cr  or  In  doped,  unannealed  or  ingot  annealed 

In  this  review  communication  we  intend  to  comment  the  present  state  of  the  art  in  this  domain  of  defect 
imaging  especially  dedicated  to  semiconductor  wafer  inspection .  Of  course  GaAs  is  not  the  only  material 
amenable  to  such  investigation  methods  :  InP  ,  GaP  ,  CdTe  or  even  Si  itself  give  rise  to  unexpected 
features  of  hidden  flaws  . 

2  -  EXPERIMENTAL 

The  Laser  Scanning  Tomography  (LST)  experiment  /17.26/  is  sketched  in  Fig.  1-  :  a  focussed  infra  red 
laser  beam  is  introduced  in  the  wafer  through  a  flat  section  and  parallel  to  the  faces ;  the  light  scattered 
by  the  internal  flaws  along  the  beam  path  is  collected  by  a  TV  camera  and  the  image  of  this  "optical 
window"  is  sent  to  a  computer  which  selects  the  central  TV  lines  ("TV  window")  ;  then  the  sample  is 
moved  by  stepper  motors  ("step  window")  and  the  total  image  of  the  virtual  scanning  plane  is 
reconstructed  and  displayed  as  sketched  by  Ogawa  /17/  in  Fig.  2-  .  Three  dimensional  information  can 
be  achieved  by  simply  changing  the  position  of  the  tomographical  plane  . 

This  method  allows  a  large  amplification  of  the  contrast  of  the  image  ,  it  is  perfectly  non  destructive 
and  does  not  require  any  vacuum  or  low  temperature  facility  .  A  macroscopic  scale  image  takes  a  matter 
of  minutes  whereas  microscopic  images  2x2  mm  are  live  TV  images  .  It  still  remains  that  the  effective 
thickness  of  the  observation  plane  is  determined  by  the  diametre  of  the  laser  spot  on  the  sample 
(typically  some  50  urn  ) 

It  was  shown  /I0/  that  the  scattered  intensity  obeys  a  1-4  dependence  which  is  typical  of  a  Rayleigh 
isotropic  scattering  The  very  low  "absorption"  coefficient  a  of  semi  insulating  GaAs  (  2<  a  <  0.5  cm-1) 
in  the  1  >  1  |tm  range  enables  penetration  in  the  wafer  to  large  distances  (  some  cm)  which  makes  it 
possible  to  inspect  2”  wafer,  using  a  YAG  laser  (1.06  urn)  Reducing  the  laser  beam  diameter  down  to 
10 ’pm  allows  generation  of  very  thin  tomographical  planes  Lateral  resolution  for  detecting  the 
presence  of  a  scatterer  is  very  high  provided  that  the  scattering  yield  is  effective:  particles  as  small  as 
20  A  (macromolecules)  were  actually  revealed  by  ultra  microscopy  in  colloidal  solutions  /27/ 

This  perfectly  non  destructive  and  accurate  method  was  essentially  used  at  a  macroscopic  scale  ;  it 
revealed  very  detailed  cell  structures  in  undoped  GaAs  and  also  dislocation  clusters  in  GaAs-In,  the 
comparison  of  these  LST  images  with  other  images  is  quite  satisfactory,  keeping  in  mind  that  the 
referred  volume  is  of  limited  thickness  and  adjustable  in  the  bulk  whereas  other  methods  refer  to  the 
region  close  to  the  surface  (  EBM  .  C/PL .  SCE  and  reflexion  XRT  )  or  to  the  whole  thickness  (transmission 
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XRT  ,  TEM  or  1RT  ).  The  origin  of  the  scattering  was  initially  attributed  to  refractive  index  variations 
/2$/  or  to  EL2  concentrations  /29/.  The  present  work  definitively  confirms  with  high  resolution  images 
that  scatterers  are  microprecipitates  condensed  on  dislocations  or  distributed  in  the  volume  as  clouds  of 
particles  .  As  stated  by  Skolnick  the  deep  center  EL2  does  not  contribute  in  the  scattering  even  if  a 
correlation  is  found  with  a  through  a  power  4  dependence  /10/  . 

If  the  beam  path  is  kept  very  long  in  order  to  get  cm  scale  images  then  absorption  and  light  losses 
usually  introduce  a  progressive  reduction  of  the  laser  beam  intensity  along  the  distance  and  the  LST 
image  becomes  unbalanced  :  this  disadjustment  can  be  compensated  by  a  computer  correction  on  the 
final  display  . 

If  a  microscopical  investigation  is  considered,  the  image  field  will  be  smaller  :  270  urn  would  correspond 
to  a  lateral  resolution  0.7  urn  /  pixel  which  could  be  considered  as  a  satisfying  outer  limit  .  This  is 
achieved  with  a  microscope  objective  X40  on  the  camera.  The  immediate  consequence  is  a  camera  focus 
depth  some  10  |tm  wide.  Of  course  the  beam  diameter  has  to  match  this  dimension  in  order  to  remove 
"ghosts"  of  remote  scatterers  from  the  image.  Such  a  reduction  involves  a  more  convergent  laser  beam 
and  strongly  limits  the  distance  of  maximum  exploration  see  Fig, 3-  .  Varying  the  beam  focus  and  the 
camera  objectives  thus  allows  us  to  adjust  the  observation  requirements  between  limits  which  become 
tighter  as  the  magnification  is  higher.  These  optical  constraints  are  in  some  way  compensated  by 
important  advantages  specific  of  these  microscopical  investigations  . 

i )  the  beam  energy  concentration  is  enhanced  thus  allowing  us  to  reveal  smaller  scatterers 

ii  )  the  limited  range  of  lateral  exploration  makes  it  possible  to  use  vibrating  beam  or  flat  beam  /%/ 
techniques  instead  of  the  stepper  motors  and  a  live  image  is  obtained  with  remanent  photocathod 
camera  ( N214) . 

iii  )  the  limited  range  of  exploration  corresponds  to  weak  attenuation  and  no  computer  corrections  are 
required . 

iv  )  the  reduced  depth  of  focus  allows  us  to  locate  the  scatterers  in  depth  with  increased  precision  ,  in 
the  micron  range . 

These  new  specifications  of  the  experimental  set  up  lead  us  to  expect  a  more  precise  LST  probing  of 
interfaces  and  micro  structures  of  epilayers  . 

3  -  RESULTS 

The  origin  of  the  scattering  giving  rise  to  the  LST  image  in  GaAs  was  related  to  condensed  atoms  on 
dislocations  .  It  is  likely  that  excess  As  atoms  are  concerned  /30/  .  especially  in  materials  grown  under 
As  rich  melt  conditions  ;  these  atoms  were  shown  to  precipitate  and  form  small  droplets  some  micron 
wide  distributed  along  the  path  of  the  dislocations  . 

In  Fig .4-  we  report  investigations  on  a  conventional  LEC  undoped  material;  the  wafer  comes  from  the 
central  part  of  the  ingot  and  the  classical  cell  structure  is  observed  at  a  macroscale  (  Fig.4a-  )  using  a 
large  laser  beam  (170  |im).  Fig.4b-c-  represent  successive  enlargements  of  windows  indicated  by  white 
boxes;  each  view  corresponds  to  an  adapted  thinner  LST  plane  corresponding  to  a  sharper  focusing  of 
the  laser  beam.  Details  of  the  walls  become  more  precise  to  the  point  that  small  individual  precipitates 
are  resolved;  they  are  crowded  in  the  wall  zone  and  arranged  along  curved  lines  entangled  in  the  3D 
space  .  Varying  the  vertical  position  of  tomography  allows  verification  that  they  effectively  are  point 
objects  and  not  vertical  string  or  rods 

The  situation  could  be  similar  (Fig.7->  in  InP  crystals  /31  / .32/  but  with  a  wider  separation  between  the 
droplets,  this  should  induce  the  illusion  of  non  related  defects.  The  density  of  defects  strongly  varies 
from  sample  to  sample  and  in  some  cases  inside  the  wafer  itself.  It  is  likely  that  the  condensation 
mechanism  of  precipitates  is  very  similar  in  InP  and  GaAs 

It  is  known  that  In  doped  GaAs  materials  show  a  reduced  EPD  density  ;  the  corresponding  LST  images 
effectively  reveal  1111  isolated  <110>  dislocations  as  shown  in  Fig, 6-  ;  their  correspondence  with  etch 
pits  and  also  with  X  ray  topography  images  can  be  satisfactorily  verified  /33/  A  uniform  cloud  of 
microprecipitates  is  distributed  in  the  bulk  whereas  a  denuded  zone  (DZ)  is  surrounding  the  dislocation 
to  a  distance  of  some  70*200  urn  apart  A  graphical  illustration  of  this  situation  is  given  in  Fig.6b- 
These  MP  are  presumably  particles  smaller  than  DP  because  the  individual  brightness  is  much  lower 
and  the  density  higher. 

The  only  previous  observation  which  can  be  related  to  these  MP  was  performed  by  photoetching 
experiments  /34/  /37/  and  corresponds  to  a  "micro  roughness"  of  the  etched  surface  ;  we  did  not  find 
evidence  for  these  particles  in  the  literature  devoted  to  TEM  analysis. 

The  collective  effect  of  MP  in  the  LST  scattered  intensity  was  discovered  by  Osaka  /37/  and  Moryia  /3b/; 
the  high  magnification  of  the  microtomography  allows  us  to  resolve  individual  MP  thus  demonstrating 
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Fig.6c-  that  "speckle"  artefacts  as  suggested  by  Osaka  /35/  are  not  concerned  in  such  images.  Clouds  of 
MP  were  observed  in  every  GaAs-In  samples  we  analysed  and  their  density  in  the  free  space  va s 
estimated  /32.3V  in  the  range  2.3  109  cm- 3  which  is  a  quite  large  value;  then  it  is  worth  supposing 
that  the  size  of  these  particles  is  rather  small  ( >  1000  A ). 

In  ingot  annealed  materials  a  large  cell  structure  is  developed  but  the  inner  space  of  the  cells  is  filled 
with  MP  as  shown  in  Fig.7- ;  three  dimensional  evaluation  of  the  clouds  was  easily  achieved  revealing  a 
sphere  like  arrangements  selectively  distributed,  the  local  density  of  particles  is  in  the  range  3  3 
109cm-3  which  means  that  they  are  very  small.  Also  a  careful  examination  of  the  walls  reveals  a  cloud 
of  another  kind  of  MPs  which  recovers  and  embodies  the  walls:  these  MPs  are  not  easily  observed 
because  they  superpose  over  the  bright  scatterers  and  ghosts  of  the  walls  which  saturate  the  camera  .  It 
is  to  be  supposed  that  the  various  cell  MP  (CMP)  and  the  wall  MP  (VMP)  are  presumably  of  a  different 
nature  because  they  are  differently  distributed  with  respect  to  the  cell  structure,  they  seem  to  be 
specific  of  the  manufacturer  s  fabrication  process  and  likely  of  the  high  temperature  annealing  . 

From  all  of  these  observations  it  turns  out  that  LST  is  the  more  adapted  technique  for  the  study  of 
microprecipitates  and  it  is  likely  that  their  electronic  influence  on  the  GaAs  IC  specification  could  have 
been  underestimated.  The  situation  holds  the  same  for  Si  where  Si02  precipitates  are  clearly  observed 
and  numbered  even  at  very  low  density. 

We  recently  reached  the  experimental  evidence  that  high  magnification  allows  to  obtain  a  more 
localised  information  consistent  with  the  analysis  of  epilayers  or  micro  circuits:  an  example  is  given  in 
fig.S-  showing  the  LST  image  of  defects  located  in  a  10  urn  range  beneath  a  test  circuit  on  GaAs 
material;  a  wealth  of  work  is  now  required  to  correlate  the  electrical  specifications  of  the  circuits  with 
the  presence  of  neighbouring  defects. 

Most  of  the  investigations  performed  in  the  field  of  LST  are  devoted  to  GaAs  bulk  materials  because  there 
is  a  key  problem  of  improving  crystal  growth  technology;  nevertheless  this  LST  technique  is  as  well 
available  for  InP  as  stated  above  but  also  for  other  materials  such  as  CdTe  or  II- VI  compounds  such  as 
ZnS  .  Zn  Se  /17/. 

Surprisingly  very  few  investigations  (Ogawa  /17/)  were  performed  on  Silicon  may  be  owing  to  the 
established  opinion  that  it  is  a  well  achieved  and  controled  material.  Si  1C  technology  actually  requires  a 
precise  control  of  the  Oxygen  concentration  and  of  the  gettering  of  metal  impurity  atoms  by  the  Silicon 
dioxide  precipitates  .  Our  recent  work  showed  that  these  particles  can  be  easily  observed  by  LST  as 
observed  in  Fig#-.  This  obviously  means  that  Silicon  will  be  a  very  promising  field  of  research  with 
LST  inspection  in  the  imediate  future. 

DISCUSSION  AND  CONCLUSION 

Infra  red  imaging  techniques  of  defects  in  III-V  compounds  was  proposed  some  years  ago  by  Ogawa  /17/ 
and  it  was  established  that  they  can  be  compared  to  the  traditionnal  inspection  techniques  /33/  such  as 
EPD  or  XRT  .  An  important  advantage  is  that  they  are  perfectly  non  destructive  .  easy  and  fast  to 
implement ;  such  inspection  means  must  contributes  in  the  data  bases  of  wafer  parametres  already 
installed  in  some  industries  involved  in  the  III-V  ICs. 

The  LST  method  used  for  GaAs  materials  provide  us  with  very  good  images  of  defect  distribution  .  These 
images  were  found  III!  to  agree  fairly  well  with  the  dislocation  pattern  and  assumed  EL2  distribution 
They  were  initially  related  to  EL2  through  different  possible  mechanisms  of  scattering;  it  now  seems 
more  realistic  to  directly  interpret  the  LST  image  as  a  Rayleigh  type  scattering  on  microprecipitates  of 
different  metallurgical  origins  diversely  arranged  in  the  bulk  depending  on  the  local  thermal 
situations  To  our  present  knowledge  there  is  not  any  evidence  for  LST  observation  of  pure  dislocations 
but  only  indirect  evidence  of  decorated  dislocations  due  to  precipitates  . 

LST  tomographes  are  currently  used  in  Japan  as  systems  dedicated  to  the  GaAs  wafer  inspection  at  the 
laboratory  level  but  also  as  "on  line"  non  destructive  test  as  well  as  surface  etching  or  XRT  controls 
Presently  two  industrial  instruments  are  developped  in  Japan  and  a  second  generation  system  is  under 
development  in  France. 

LST  inspection  of  wafers  leads  to  detained  and  highly  contrasted  images  of  decorkted  dislocations  and 
microprecipitates  which  can  be  possibly  extended  to  a  3D  information.  It  allows  a  very  accurate 
evaluation  of  defects  at  a  macroscopic  as  well  as  microcopic  scale;  extension  of  the  method  is  expected  to 
investigate  interfaces  or  epilayer  structures  .  LST  also  allows  to  obtain  3  dimensional  information  of  the 
defect  organization  by  accumulation  of  parallel  tomographic  planes  ;  some  years  ago  japanese  workers 
made  some  3D  mocke-up  /38 /  which  clearly  reveal  the  "sponge"  texture  of  the  intricated  cells  of 
dislocations 
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It  is  likely  that  this  imaging  technique  will  be  eventually  used  on  various  kind  of  semiconductors  as  a 
non  destructive  means  of  investigating  microprecipitates. 
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Figure  1-  Organization  of  the  LST 
experiment . 


Figure  2-  Image  processing  system 
of  LST  after  Moriya  /9/  . 
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-a-  -b-  -c- 

Figure  A-  LST  images  of  defects  in  aGaAs  conventional  sample  at  different  magnification  (a  -  b  -  c). 


Figure  3-  LST  Tomography  of  InP  material  shoving  the  distribution  of  microprecipitates 


Figure  6-  Indium  doped  GaAs  :  tomography  of  individual  <001  >  dislocations(a) ;  graphical  illustration  . 
enlarged  tomography  of  microprecipitates  in  the  matrix  (c) 
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Figure  7-  Ingot  annealed  GaAs  (a)  and  enlarged  tomography  of  microprecipitates  located  in  the  cells  (b) 


Figure  8-  Defects  in  the  vicinity  of  a  GaAs  circuit 


Figure  9-  Silicon  dioxide  precipitates  in  Si  materials 
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H.  GOTO 

Bipolar  Process  Engineering  Department.  Fujitsu  Limited,  1015, 
Kamlkodanaka ,  Nakahara.  Kawasaki  211.  Japan 


Abstract  -  Recently  developed  bipolar  device  structures  including  their  problems  and 
future  trends  are  reviewed.  Polysilicon  emitter-base  self-aligned  structures  and 
trench  isolation  techniques  are  becoming  key  elements  for  high  performance  bipolar 
ECL  device  structures,  by  which  parasitic  capacitances  and  resistances  have  been 
reduced  drastically.  In  order  to  get  further  improved  performance,  smaller  parasitic 
capacitances  associated  with  the  pull-up  resistor  as  well  as  high  cutoff  frequency 
are  required.  Wafer-direct-bonded  SOI  structures  are  the  promising  candidate,  while 
the  base  resistance  and  the  cutoff  frequency  should  be  optimized  moderately.  The 
most  serious  problem  is  the  power  dissipation  of  ECL-type  circuits.  Smaller  logic 
swings  and  low  temperature  operation  should  be  also  considered. 


1  -  INTRODUCTION 

As  the  integrated  circiut  industry  has  come  to  the  mature  stage,  the  role  of  each  device 
is  getting  more  and  more  distinct.  CMOS  is  the  major  VLSI  and/or  ULSI  device  because  of 
the  low  power  dissipation,  while  bipolar  is  in  the  high  speed  ranges  with  less  integration 
level,  and  GaAs  is  in  the  small  scale  high  frequency  IC  domains.  Recently,  between  CMOS 
and  bipolar  ECL,  BiCMOS  has  emerged  with  higher  speed  than  CMOS  and  less  power  dissipation 
than  ECL.  With  the  advent  of  BiCMOS,  conventional  S-TTL  or  IIL  digital  devices  seem  to  be 
swept  out  in  the  field  of  bipolar  VLSI's  such  as  gate  arrays  although  standard  LS-  or  ALS- 
TTL  families  are  still  in  volume  production.  At  present,  the  major  role  of  bipolar  devices 
has  focused  on  very  high  speed  logic  devices  with  larger  integration  level  than  GaAs, 
which  are  achieved  by  ECL-type  circuits.  ECL  has  just  become  a  major  driving  force  for  the 
progress  of  high  performance  bipolar  device  technologies.  In  this  paper,  the  present 
status  of  the  bipolar  technologies  is  reviewed  and  by  examining  tne  problems  of  bipolar 
devices  especially,  ECL-type  circuits,  future  bipolar  device  structures  and  suitable 
features  are  discussed. 

2  -  PRESENT  BIPOLAR  DEVICE  TECHNOLOGIES 

There  have  been  several  good  reviews  about  bipolar  device  and  circuit  technologies. 
Especially,  in  the  article  /I/  ,  almost  all  of  bipolar  device  structures  and  circuit 
examples  before  1980  were  reviewed.  In  the  articles  / 2 , 3 /  .advanced  bipolar  device 
structures  developed  recently  were  compared  and  discussed,  while  the  similar  topic  was 
also  discussed  in  the  article  / 4 / -  In  this  section,  recently  developed  bipolar  device 
structures  are  rearranged  and  their  essential  properties  are  pointed  out. 

2  -  1  Device  Structures 

Since  the  development  of  D0P0S  technique  / 5 /  ,  polysilicon  has  been  used  as  the  emitter 
electrode  as  well  as  the  emitter  diffusion  source.  In  the  end  of  the  seventies,  a 
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polysilicon  self-aligned  (PSA)  technique  /6/  also  utilized  polysilicon  as  a  base 
electrode.  Based  on  these  techniques,  self-aligned  techniques  using  the  polysilicon  as 
both  the  emitter  and  the  base  electrodes  accompanied  with  anisotropic  dry  etching 
techniques  made  it  possible  to  realize  sophisticated  self-aligned  bipolar  device 
structures  /7 , 8/  .  These  techniques  were  mainly  intended  to  achieve 

(1)  reduction  of  parasitic  base-collector  capacitances 

(2)  reduction  of  base  resistances 

without  using  tight  lithography  rules.  The  key  structure  is  the  stacking  polysilicon 
electrodes  separated  by  a  sidewall  insulating  spacer.  Another  approach  was  also  employed 
to  achieve  those  two  requirements  by  trying  to  make  an  ideal  one-dimensional  structure,  or 
to  make  a  symmetrical  emitter  and  collector  strucrure.  This  structure  was  formed  by  mesa¬ 
etching  combined  with  a  planarizing  polysilicon  technique  / 9 /  or  selective-epi-silicon 
growth  in  grooves  / 1 0 /  .  There  is  one  more  important  structure  implemented  in  bipolar 
devices,  that  is  trench  isolation  /II, 12, 13/  •  By  introducing  trench  isolation,  the 
collector-substrate  capacitance  has  been  reduced  much  smaller  than  that  of  oxide 
isolation.  Concerning  trench  isolation  there  is  a  review  in  the  article  / 1 4/.  By  improving 
these  techniques  and  combining  them,  a  lot  of  advanced  bipolar  device  structures  have  been 
developed  in  the  eighties.  The  stacking  double  polysilicon  self-aligned  structures  are 
named  such  as  SST  / 7 /  ,  Self-aligned  transistor  /8/  ,  OXIS-III  / 1 5 /  ,  SAPT  / 1 6 /  ,  SDD 
/ 1 7/  ,  ExCL  / 1 8/  ,  MOSAIC-III  / 19/  and  ESPER  /20/  .  Similar  structures  were  also  reported 
in  the  articles  /21  ,22,23,24,25,26/  .  These  structures  can  be  easily  combined  with  trench 
isolation  techniques.  The  most  advanced  examples  are  shown  in  Fig.1.  The  mesa-etched  or 
selective-epitaxially  grown  sidewall-base-contacted  structures  are  named  SICOS  / 9 /  or 
Symmetrical  transistor  / 1 0 /  .  A  sophisticated  self-aligned  transistor  using  selective 
growth  of  poly-  and  single-  crystalline  silicon  was  demonstrated  /27/  .  There  is  also  an 
advanced  version  of  SICOS  as  shown  in  Fig. 2. 


(a)  (b) 

Fig.  1  -  Advanced  double  polysilicon  self-aligned  structures. 

(a)  SST-1B.  A  selectively  implanted  deep  collector  (SIC)  region  is  formed  beneath  the 
intrinsic  base  /28/. 

(b)  ESPER  combined  with  U-FOX.  Typical  combination  with  trench  isolation  /20/. 


Fig. 


(a)  (b) 

2  -  Sidewall  base  contact  structures. 

(a)  Self-aligned  transistor  using  selective  growth  of  poly-  and  single-  crystalline 
silicon  / 27/  . 

(b)  SELECT/SICOS.  Edge  contact  structure  is  applied  to  conventional  SICOS  /29/. 
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2-2  Device  Characteristics 

Ring  oscillator  results  demonstrated  by  the  previously  mentioned  device  structures  are 
listed  in  Table  1.  The  basic  gate  delay  time  of  20.5  ps  was  achieved  by  an  NTL  circuit, 
and  sub-40  ps  delay  times  were  demonstrated  by  ECL  circuits.  Practical  device  performances 
are  also  listed  in  Table  2.  Subnanosecond  static  RAM's,  sub-50  ps  gate  arrays,  10  GHz 
frequency  deviders  have  been  demonstrated.  Using  advanced  bipolar  device  technologies,  not 
only  high  frequency  small  scale  IC's  but  also  very  high  speed  LSI's  or  VLSI's  have  been 
realized . 


Table  1  -  Ring  oscillator  results  by  advanced  bipolar  technolgies. 


Company 

Circuit 

tpd 

Power  or  Ics 

Emitter 

Size 

Technology 

Reference 

NTT 

NTL 

20.5 

ps 

2.32  mW/G 

0.35x13 

urn 

SST-1B 

/  28/ 

NTT 

ECL 

34.1 

ps 

7.54  mW/G 

0.35x  7 

um^ 

SST-1B 

/  28/ 

Fuj itsu 

ECL 

38.8 

ps 

1 .28  mA/G 

0.35x10 

um. 

ESPER  ** 

/  20/ 

Hitachi 

ECL 

46.7 

ps 

0.58  mA/G 

2x  3 

unr  * 

SELECT/SIC0S 

/29/ 

Plessey 

CML 

50 

ps 

— 

HE1  ** 

/  26/ 

NEC 

ECL 

52 

ps 

2  mA/G 

lx  8 

um2  * 

««* 

/  30/ 

CETRI 

CML 

52 

ps 

0.16  mW/G 

1.5x  3 

uuC 

*  *  * 

/  23/ 

Matsushita 

CML 

53 

ps 

3.2  mW/G 

0.5x12 

urn* 

SDD  ** 

/3 1  / 

Tektronix 

ECL 

54-6 

ps 

1.8  mA/G 

0.5x10 

unC 

##* 

/  24/ 

SONY 

— 

69 

ps 

0.43  mA/G 

0.6x  1 

uC 

##  # 

/  25/ 

IBM 

ECL 

73 

ps 

12  mW/G 

0 . 8x  2 

um^ 

Self-Aligned 

/  32/ 

Motorola 

ECL 

75 

ps 

0.8  mA/G 

1 . 5x  4 

um?  * 

Transistor  ** 
M0SAIC-III 

/ 1 9/ 

Fairchild 

ECL 

80 

ps 

0.9  mA/G 

1.5x2.! 

5um‘ 

SAPT  ** 

/1 6/ 

*j  Mask  size.  **j  Combined  with  trench  isolation. 

***;  Double  polysilicon  self-aligned  structures. 

Table  2  -  Recently 

developed  high  performance  bipolar  devices. 

Device 

Performance 

Technology 

Company 

Reference 

5K  ECL  RAM 

tAA=  °'85 

ns 

Self-Aligned  Tr. 
and  Trench  Iso. 

IBM 

/  33  / 

16K  ECL  RAM 
(&  1.2K  G.A. ) 

tAA=  2'8 

ns 

IOP-II 

Fujitsu 

/34/ 

32K  RAM 

^AA=  3 

ns 

Trench  Iso. 

IBM 

/  35/ 

64K  ECL  RAM 

tAA=  ^ 

ns 

IOP-II 

Fujitsu 

/36/ 

2. IK  CML  G.A. 

tpd=  43 

ps 

SST-1B 

NTT 

/  37/ 

13K  ECL  G.A. 

tpd=  100 

ps 

HE1 

AMC 

/  38  / 

1 0K  ECL/15K  CML  G.A 

.  tpd=  120 

ps 

OXIS-IIIH 

Siemens 

/  39/ 

18K  ECL  G.A. 

tpd=  150 

ps 

SCOT 

Mitsubishi 

/40/ 

16b  Multiplier 

tm  =  4.3 

ns 

SST-1B 

NTT 

/  37/ 

1/8  Divider 

ft  =10.38 

GHz 

SST-1 A 

NTT 

/41/ 

8b  A-D  Convertor 

fs  =  400 

MHz 

SST-1 A 

NTT 

/42/ 

t^j  Address  access  time.  tpd;  Basic  gate  delay  time, 

tm  i  Multiplication  time.  ft  ;  Toggle  frequency, 

f s  ;  Sampling  frequency. 


2-3  Properties  of  Present  Bipolar  Device  Structures 
The  technique  utilizing  polysilicon  is  one  of  the  key  properties  for  the  present 
advanced  bipolar  device  technologies.  The  polysilicon  is  used  as  a  contact  material  for 

both  the  emitter  and  the  base  as  well  as  the  diffusion  sources.  The  polysilicon  electrodes 

are  easily  separated  by  the  oxide  of  polysilicon,  realizing  the  minimum  distance  between 
the  base  and  the  emitter.  This  causes  the  small  base-collector  capacitance  and  the  small 

base  resistance.  At  the  same  time,  sidewall  spacer  techniques  also  provide  easily  lower 

submicron  emitter  widths  with  only  upper  submicron  lithography  rules.  In  addition,  the 
polysilicon  emitter  contact  enhances  the  current  gain,  although  the  mechanism  is  not  yet 
clearly  understood.  By  optimizing  the  process  condition,  the  current  gain  can  be  increased 
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without  suffering  from  high  emitter  series  resistances  / 43/  .  Another  major  property  is 
trench  isolation.  It  not  only  enhances  the  packing  density  but  reduces  drastically  the 
collector-substrate  parasitic  capacitance  compared  with  conventional  oxide  isolation.  By 
using  these  techniques,  the  switching  speed  as  well  as  the  power  dissipation  of  ECL-type 
circuits  has  been  improved.  VLSI  chips  of  ECL  circuits  are  now  coming  in  the  market  /44/. 

3  -  PROBLEMS  OF  PRESENT  BIPOLAR  DEVICE  STRUCTURES 

In  this  section,  the  problems  concerning  the  advanced  bipolar  device  structures  of 
typical  two  cases  are  discussed. 

3-1  Double  Polysilicon  Self-aligned  Structures 

The  most  serious  problem  of  this  structure  is  the  sidewall  spacer  thickness  control. 
There  are  two  sequential  ways  to  form  the  implanted  intrinsic  base  region  and  the  sidewall 
spacer;  sidewall  etching  followed  by  base  implantation  and  vice  versa.  In  the  case  of  the 
former,  although  there  is  little  damage  for  emitter-window  opening,  the  cross-link  region 
between  the  intrinsic  base  and  the  extrinsic  (graft)  base  should  be  formed  by  lateral 
diffusion  from  the  polysilicon  base  electrode.  Too  much  lateral  diffusion  enhances 
peripheral  tunneling  leakage,  while  less  encroachment  cause  punchthrough  / 4 5 /  .  In  the 
case  of  the  latter,  there  is  little  cross-link  problem  because  the  intrinsic  base  region 
exists  just  beneath  the  sidewall  spacer.  However,  careful  emitter  opening  using 
anisotropic  dry  etching  should  be  required.  Even  in  this  case  the  emitter  junction  depth, 
the  sidewall  spacer  thickness  and  the  graft  base  depth  should  be  optimized  to  avoid  too 
much  lateral  encroachment. 

Another  problem  is  a  tight  alignment  control  between  the  graft  base  mask  and  the 
intrinsic  base  opening  mask  when  the  base-collector  capacitance  is  tried  to  be  reduced. 
The  double  polysilicon  self-aligned  structures  require  one  mask  alignment  step  if  the 
walled  base  structure  is  employed,  even  if  lower  submicron  emitter  widths  and  emitter- 
base  separation  can  be  achieved  without  using  tight  minimum  lithography  rules.  In  the  case 
of  /7,23,28 /  ,  the  graft  base  region  is  formed  from  the  same  mask  as  that  of  the  intrinsic 
base  formation  without  any  alignment  step.  However,  there  is  a  disadvantage  of  the  non- 
walled  base  structure  that  increases  the  outer  peripheral  parasitic  base-collector 
capacitance.  If  a  walled-base-like  structure  is  introduced,  a  tightly  aligned  lithographic 
tool  is  needed. 

3-2  Sidewall  Base  Contact  Structures 

The  philosophy  of  sidewall  base  contact  structures  is  mainly  to  realize  an  ideal 
symmetrical  one-dimensional  structure  just  as  written  in  textbooks.  It  is  the  ultimate 
structure,  but  actual  processes  and  device  operations  never  result  in  one-dimensional 
behavior.  The  graft  base  diffusion  control  is  the  most  serious  problem  in  thi_  structure. 
Sufficient  graft  base  diffusion  is  necessary  to  achieve  lower  base  resistance  because  only 
the  sidewall  regions  are  contacted  by  the  doped  polysilicon.  The  graft  base  diffusion 
occurs  not  only  laterally  towards  the  emitter  but  vertically  along  the  oxide  wall  to  the 
collector.  The  lateral  diffusion  enhances  the  emitter-base  leakage  current  and  the  base- 
emitter  capacitances  just  as  the  same  situation  as  the  double  polysilicon  self-aligned 
structures.  Moreover,  the  vertical  diffusion  increases  the  base-collector  capacitance.  In 
order  to  avoid  these  problems  some  process  modifications  have  been  tried  sacrificing 
process  simplicity  /28,46/  .  Nevertheless,  there  are  still  contradictions  between  the  base 
resistance  and  the  base-collector  capacitance. 

4  -  LIMITATIONS  CONCERNING  ECL  CIRCUIT 

The  advantages  of  ECL  circuits  are  not  only  their  high  speed  operation  but  their 
excellent  drivability  of  loaded  capacitances.  These  are  originated  in  the  non-saturating 
operation  of  the  current  switch  and  the  high  transconductance  of  the  emitter  follower. 
However,  their  large  power  dissipation  is  the  serious  problem,  that  limits  the  integration 
level  of  ECL  chips.  A  lot  of  circuit  techniques  have  been  tried  to  reduce  the  power 
dissipation  of  ECL-type  circuits  by  using  e.g.  series  gating,  cascaded  circuits  of 
differential  inputs  and  so  on,  but  modified  circuits  usually  have  less  flexibility  for 
various  applications  of  system  designs.  So,  essentially  the  power  dissipation  of  the 
current  switch  emitter  follower  should  be  decreased  for  VLSI  or  ULS1  applications,  whereas 
they  never  reduced  to  be  nearly  zero  such  as  CMOS  that  dissipates  the  power  only  when 
switching.  This  means  there  is  always  a  large  gap  between  the  largest  integration  level  of 
CMOS  chips  and  that  of  ECL  chips.  Nevertheless,  the  strategy  of  the  optimization  for  ECL- 
type  circuits  is;  the  smaller  the  current,  the  lower  the  power  dissipation. 

How  can  the  currents  of  ECL  circuits  be  reduced  without  any  degradation  of  the  switching 
speed?  The  switching  delay  time  (tpd)  of  ECL  circuits  is  roughly  expressed  as 
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tpd=rb‘Cb+Rjj‘Cc+ki  '  tp  (1) 

C^kj'Cd+k^'Cbe+k^'Ccb  (2) 

Cc=k j ' Ccb+k^’ Ccs+ky 'C^+kg • Cef  - (3 ) 


where  rb  is  the  base  resistance,  is  the  pull-up  resistor,  tp  is  the  transit  time,  Cd  is 
the  diffusion  capacitance,  Cbe  is  the  base-emitter  capacitance,  Ccb  is  the  base-collector 
capacitance,  Ccs  is  the  collector-substrate  capacitance,  C.  is  the  wiring  capacitance 
associated  with  R^,  Cef  is  the  loaded  capacitance  associated  with  the  emitter  follower 
transistor,  and  k-|  to  kg  are  the  constants.  If  the  logic  swing  is  kept  constant,  the 
smaller  switching  current  is  achieved  by  larger  Rt.  This  is.  the  way  to  reduce  the  power 
dissipation  especially  for  the  larger  integration  chips.  Lower  power  ECL  circuits  are  more 
influenced  by  the  second  term  of  Eqn.(1)  and  Cc  must  be  reduced  much  more  than  high  power 
circuits  to  improve  the  switching  time.  These  can  be  realized  only  by  the  improvement  of 
the  device  structure  and  the  process  technology.  There  is  also  the  other  way  to  obtain 
smaller  switching  current  by  reducing  the  logic  swing.  R^  can  be  kept  constant  when  the 
switching  current  is  reduced  in  proportion  to  the  logic  swing  while  the  circuit  noise 
margins  are  decreased.  However,  supposing  that  low  temperature  operation  such  as  77k  is 
introduced,  the  reduction  of  the  logic  swing  from  the  value  of  room  temperature  to  a  few 
tenths  is  not  a  ridiculous  approach.  Additionally,  there  is  a  possibility  to  enhance  the 
efficiency  of  the  cooling  system. 

The  first  term  and  the  last  term  of  Eqn.(1)  are  strongly  correlated.  The  first  term  can 
be  reduced  by  smaller  base  resistance  (rb).  This  means  a  highly  doped  intrinsic  base 
region  or  a  wide  base  width  as  well  as  smaller  extrinsic  base  resistances  are  required. 
The  last  term  can  be  reduced  by  smaller  transit  time,  or  higher  cutoff  frequency  (f^.).  The 
otimization  of  the  effects  caused  by  rb  and  fj  is  very  important  because  smaller  rb  often 
corresponds  to  lower  frj.  directly,  although  Cbe  and  Ccb  can  be  reduces  by  shrinking  the 
active  area.  The  highest  f™  reported  to  date  corresponds  to  the  tF  of  nearly  6.2  ps 
(f,p  =  25.7  GHz),  that  is  only  T8%  of  the  total  switching  time  (tpd  =  34.1  ps)  /28/  .  If  only 
the  maximum  fy  (fjmax)  is  raised  to  the  twice  value  (  >50  GHz  ),  the  reduction  of  the 
transit  time  will  contribute  at  most  3.1-ps  decrease  of  the  switching  time.  Only  too  high 
fymax  has  very  little  influence  on  the  delay  time.  Accordingly,  moderate  values  of  f and 
rb  should  be  chosen  avoiding  punchthrough  and  forward  tunneling.  Rather  little 
contribution  of  f^max  upon  the  total  switching  time  is  the  most  different  point  from  GaAs 
HBT.  In  the  case  of  GaAs  HBT,  the  transit  time  is  42%  of  the  switching  time  (tp=2.3  ps, 
tpd=5.5  ps)  /47/  .  The  contribution  of  RC  time  constants  of  GaAs  HBT  is  much  smaller  than 
that  of  Si  BJT.  This  is  mainly  because  parasitic  capacitances  corresponding  to  the 
substrate  are  nearly  zero  owing  to  the  semi-insulating  GaAs  characteristics.  This  fact 
suggests  that  the  parasitic  capacitances  associated  with  the  substrate  of  Si  BJT  should  be 
reduced  drastically  to  the  nearly  zero  value. 

In  addition  to  the  properties  of  ECL  circuits  using  Si  BJT  mentioned  above,  there  are 
still  a  few  problems.  When  the  switching  current  is  reduced,  the  emitter  area  should  be 
decreased  to  keep  the  cutoff  frequency  high  enough  for  the  optimized  circuit  operation. 
This  is  a  suitable  situation  for  the  reduction  of  junction  capacitances,  but  contact 
resistances  as  well  as  base  resistances  will  increase.  In  order  to  avoid  this  problem,  the 
process  and  device  structural  optimizations  are  also  required. 

5  -  FUTURE  BIPOLAR  DEVICE  STRUCTURES 


Double  polysilicon  self-aligned  structures  and  sidewall  base  contact  structures  will  go 
on  making  a  progress  in  the  near  future.  However,  sooner  or  later,  the  most  suitable 
structure  will  be  selected  from  not  only  the  performance  point  but  the  production  cost 
point  of  view.  The  double  polysilicon  self-aligned  processes  have  been  already  used  in 
volume  production.  The  most  sophisticated  device  has  been  realized  by  the  double 
polysilicon  self-aligned  and  trench-isolated  structure  using  submicron  lithography  rules. 
It  seems  that  double  polysilicon  self-aligned  structures  will  be  the  major  selection  in 
the  future  because  of  their  valanced  cost  and  performance  properties.  Of  cource,  present 
device  structures  are  not  optimized  enough  to  achieve  the  ultimate  performance  of  Si  BJT. 
In  this  section,  the  future  Si  BJT  structure  to  achieve  the  ultimate  performance  of  ECL- 
type  circuits  in  ULSI  ranges  are  discussed. 

As  discussed  in  Section  4,  the  most  crucial  factor  affecting  the  switching  time  and  the 
power  dissipation  ia  Rr’Cc.  Cc  consists  of  Ccb, Ccs, C^  and  Cef.  Among  these  capacitances 
Ccb  can  be  reduced  by  the  decrease  of  the  base  area  using  tightly  aligned  lithography 
tools,  but  never  reaches  zero.  On  the  contrary,  Ccs  and  C.  can  be  reduced  if  the  parasitic 
capasitances  associated  with  the  silicon  substrate  are  decreased.  Ccs  can  be  reduced  to 
the  nearly  zero  value  while  CL  may  be  less  than  a  half  if  an  insulating  substrate  is  used. 
In  other  words,  SOI  is  a  very  good  choice  to  decrease  both  Ccs  and  C^.  A  lot  of  SOI 
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techniques  such  as  bean  recrystallization,  epitaxial  lateral  overgrowth  and  so  on  have 
been  investigated  for  bipolar  device  applications,  but  there  has  always  been  a  serious 
problem;  the  crystalline  defects.  However,  recently  wafer  direct  bonding  techniques  to 
obtain  a  thin  SOI  structure  are  coming  up  as  a  new  face.  According  to  these  techniques, 
the  crystalline  quality  of  the  SOI  is  essentially  the  same  as  that  of  single  crystalline 
silicon  wafers.  This  fact  was  proved  by  experimental  64K  DRAM's  /48/  .  Now,  the  SOI 
structure  of  bipolar  devices  are  not  a  dream  but  a  realistic  target. 

Next  point  is  the  reduction  of  each  resistance  such  as  the  base  resistance  (rb)  and  the 
emitter  series  resistance.  In  order  to  reduce  series  resistances,  polysilicon  electrodes 
should  be  covered  by  silicides  or  refractory  metals  /49/  .  Concerning  the  base  resistance, 
the  intrinsic  base  resistance  is  the  most  dominant  in  the  case  of  the  self-aligned 
structures.  The  intrinsic  base  resistance  is  dependent  on  the  base  doping  and  the  base 
width  which  also  affect  the  cutoff  frequency.  So,  the  base  profile  must  be  optimized  for 
the  moderate  intrinsic  base  resistance  and  high  enough  cutoff  frequency  without  suffering 
from  forward  biased  tunneling  and  punchthrough.  The  emitter  series  resistance,  which  is 
dominantly  a  contact  resistance  associated  with  the  polysilicon  emitter  contact,  should  be 
kept  small  when  the  emitter  area  is  decreased  to  sustain  the  sufficient  cutoff  frequency. 
For  this  purpose  nearly  recrystallized  extended  polysilicon  emitter  with  a  silicide 
contact  is  quite  suitable. 

Fig. 3  shows  the  schematic  cross-section  of  a  future  bipolar  device  structure.  The  BJT 
itself  is  fully  isolated  by  the  trench-isolated  SOI  structure.  Both  the  polysilicon 
electrodes  for  the  base  and  the  emitter  are  covered  by  silicides  or  refractory  metals,  and 
the  polysilicon  emitter  is  a  nearly  single-crystallized  extended  emitter.  The  lateral 
device  dimensions  are  optimized  to  achieve  the  best  valance  between  the  base  resistance 
and  the  base-collector  capacitance  avoiding  the  extrinsic  base  encroachment  trouble.  The 
vertical  profiles  are  also  optimized  for  the  emitter  junction  depth  to  avoid  the  narrow 
emitter  effect  and  for  the  base  junction  depth  to  optimize  the  intrinsic  base  resistance 
and  the  cutoff  frequency.  In  order  to  reduce  the  Kirk  effect  the  collector  doping  profile 
should  be  tailored.  Fig. 4  is  an  example  of  such  doping  profiles  of  both  the  intrinsic  and 
extrinsic  base  regions. 

According  to  the  two-dimensional  physical  DC  and  AC  device  simulation  / 50/  based  on  the 
device  structure  of  Fig. 3  and  the  impurity  profiles  of  Fig. 4,  the  cutoff  frequency,  the 
base-collector  capacitance,  and  the  AC  base  resistance  were  estimated.  Fig. 5  shows  the 
cutoff  frequency  (fT)  versus  the  collector  current  (Ic)  characteristics  as  well  as  the 
current  gain  dependence  upon  Ic.  Maximum  f.y  of  56  GHz  at  the  collector  current  of  0.3 
mA/um  is  obtained  and  hpg  of  more  than  50  is  achieved  at  the  same  time  as  shown  in  Fig. 5. 
Fig. 6  shows  the  base-collector  capacitance  (Ccb)  and  the  AC  base  resistance  (rbb')  versus 
Ic,  where  Ccb  of  1.1  fF/um  and  rbb1  of  550  ohm’um  are  obtained  at  the  small  collector 
current.  From  these  results  the  basic  gate  delay  time  of  a  typical  ECT>  circuit 
(F.I.  =  F.0.  =  1  )  is  estimated  at  least  below  20  ps  at  a  switching  current  of  0.3  mA/nm  in  a 
condition  of  room  temperature.  If  much  lower  temperature  operation  such  as  77K  is 
considered,  the  logic  swing  can  be  reduced  without  suffering  from  the  decrease  of  circuit 
noise  margins.  In  this  case  not  only  circuit  designing  but  process  conditions  e.g.  the 
doping  profiles  should  be  optimized  /5 1 , 52/  .  Low  temperature  operation  can  achieve  the 
lower  power  dissipation,  the  enhancement  of  cooling  efficiency,  lower  wiring  resitances 
and  longer  MTF  of  wiring  metals.  All  of  these  properties  are  quite  suitable  for  ULSI  chips 
that  consist  of  ECL-type  circuits. 

When  the  basic  gate  delay  time  reaches  around  20  or  30  ps,  the  most  serious  problem  is 
the  loaded  wiring  delay  time  owing  to  the  wiring  capacitances  which  are  physically 
limited.  ECL-type  circuits  are  the  best  solution  for  driving  large  loaded  capacitances 
whereas  they  are  always  accompanied  by  the  large  power  dissipation.  Low  temperature 
operation  is  advantageous  to  relax  this  problem,  while  it  is  strongly  dependent  on  the 
system  and  circuit  designing  strategy.  Accordingly,  the  optimization  of  cost  and 
performance  valances  in  the  total  system  designs  including  the  software,  the  hardware  and 
the  individual  chips  are  the  key  features  for  the  system  development  in  the  future. 

6  -  SUMMARY 

Today's  advanced  bipolar  device  structures,  their  problems  and  future  trends  have  been 
reviewed.  The  major  role  of  bipolar  devices  has  focused  on  ECL-type  circuits.  In  order  to 
reduce  the  switching  time  and  the  power  dissipation,  the  double  polysilicon  self-aligned 
structures  combined  with  trench  isolation  have  become  the  major  structure.  For  further 
improvement  RC  time  constants  associated  with  the  silicon  substrate  should  be  reduced, 
which  can  be  achieved  by  wafer  direct  bonding  SOI  techniques.  Low  temperature  operation 
should  be  also  considered  although  it  is  strongly  dependent  on  the  system  designing 
strategy.  Basic  gate  delay  times  now  have  little  influence  because  loaded  wiring  delay 
times  are  by  far  larger.  The  total  cost  and  performance  valances  of  the  system  designs  are 
the  key  features  for  the  future  system  development. 
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III-V  COMPOUND  DEVICES  ON  SILICON  :  SITUATION  AND  PERSPECTIVES 


J.P.  HIRTZ  and  M.N.  CHARASSE 
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Introduction  -  For  several  years,  there  has  been  a  great  deal  of  activity  In  the  hetero 
epitaxy  of  GaAs  and  others  III-V  materials  on  silicon  substrates.  For  the  first  time,  we 
can  now  seriously  consider  hybridization  of  SI  .nd  GaAs  technologies  on  the  same  wafer. 
Applications  for  GaAs  on  SI  range  from  substitution  of  a  GaAs  substrate  by  a  large  area 
passive  SI  substrate  with  superior  strength  and  thermal  conductivity  to  the  multi-function 
ICs  were  SI  and  GaAs  are  monollthlcally  Integrated  on  the  same  chip. 

The  achievement  of  device  quality  GaAs  on  SI  and  others  mismatched  systems  Is  the  conse¬ 
quence  of  several  factors.  Both  Molecular  Beam  Epitaxy  (MBE)  and  Metalorganlc  Chemical 
Vapor  Deposition  (MOCVD)  permit  preparation  of  oxide  force  silicon  surfaces.  The  lattice 
mismatched  and  associated  misfit  dislocations  are  among  the  difficulties  to  be  solved.  The 
appropriate  choice  of  substrate  crystallographic  orientation  and  a  nucleatlon  layer  deposi¬ 
tion  regime  helped  to  confine  most  of  the  misfits  dislocations  to  a  thin  region  close  to 
the  interface. 

As  a  result  the  thicker  portions  of  the  epitaxial  structure  could  have  a  crystal  perfection 
that,  though  inferior  to  homoepltaxlal  GaAs,  is  suitable  for  majority  carriers  devices. 

In  the  following,  ue  will  describe  growth  of  device  quality  GaAs  on  SI  and  discuss  material 
optimization  through  thermal  annealing.  We  will  then  discuss  the  performance  of  GaAs 
devices  which  have  been  already  grown  on  SI. 


1  -  MBE  GROWTH  AND  MATERIAL  OPTIMIZATION  THROUGH  THERMAL  ANNEALINGS 

Some  publications  have  shown  that  rapid  or  long  thermal  annealings  /I , 2/  lead  to  a  reduction  of 
the  dislocation  density  In  the  GaAs  epllayer.  We  have  studied  the  evolution  of  the  defects  In 
relation  with  these  two  thermal  processes  on  a  400  nm  GaAs  film  grown  on  SI  /3 /. 

The  samples  are  grown  In  a  Varlan  Gen  II  MBE  system.  The  (001)  SI  substrates  are  mlsorlented  by 
4°  towards  [110]  or  [100].  The  substrate  preparation  consists  In  a  degreasing  followed  by  10  min 
In  (HF:H20)  (1:10)  and  then  10  min  in  hot  (HNOj^jO)  (1:1).  Under  UHV  the  sample  is  heated  for 
half  an  hour  at  800°C  and  1  min  at  1000°C.  Then  the  temperature  Is  lowered  to  300-400°C  and  an  As 
prelayer  Is  deposited  before  the  beginning  of  the  GaAs  growth.  The  samples  consist  in  a  400  nm 
GaAs  layer  grown  at  0.4  pm/h  with  a  temperature  ramp  from  350°C  to  450°C.  The  epllayer  is  encap¬ 
sulated  In  a  150  nm  AlAs  layer,  deposited  at  630°C,  to  prevent  GaAs  from  evaporating  during  the 
annealing  process. 

Long  thermal  annealing  (LTA)  has  been  made  In  situ  at  720°C  under  As^  overpressure  during  one 
hour.  Rapid  thermal  annealing  (RTA)  has  been  performed  ex  situ  on  half  of  another  specimen  at 
870'C  for  a  few-aeconds.  Thus  we  have  obtained  three  samples  to  compare:  one  as  grown,  one  with 
ex  situ  RTA  and  one  with  In  situ  LTA  just  after  growth. 

The  crystalline  quality  of  the  GaAs  epllayer  is  checked  by  Rutherford  Backscatterlng  Spectrometry 
(RBS)  (fig.  1)  and  Transmission  Electron  Microscopy  (TfM)  (fig.  2).  Fig.  la  shows  that  the 
crystallographic  quality  of  the  as  grown  specimen  Is  much  Inferior  to  the  bulk  GaAs.  Fig.  lb 
Indicates  an  Improvement  of  quality  for  the  LTA  sample  and  Fig.  1c  shows  the  closest  signal  to  the 
GaAs  bulk  for  the  RTA  specimen. 

The  count  ratio  between  random  and  channelling  spectra  measured  just  after  surface  peaks,  xm«D 
confirms  these  results.  Its  Is  equal  to  352  for  the  as  grown  sample,  82  for  the  LTA-one  and  3.32 
for  the  RTA-one.  In  this  last  case,  It  shows  that  the  surface  quality  of  the  sample  Is  comparable 
to  RBS  observations  of  bulk  GaAs. 

In  accordance  with  RBS  observations,  It  Is  evident  from  TEM  pictures  on  figures  2a. b  that  the 
dislocations  density  Is  largely  reduced  by  RTA.  The  sample  with  LTA  has  a  defects  density  equlva- 
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Fig.  1  -  2.3  MeV  ion  channeling  of  as  grown  sample  (a),  LTA-sample  (b)  and  RTA-sample. 


Fig.  2  -  Brlgh  field  image  of  a  cross  section  of  as  grown  sample  (a)  and  RTA  sample  (b). 


lent  to  the  RTA  sample.  Such  results  are  in  good  agreement  with  those  given  by  CHAND  et  al.  /I / ; 
they  prove  that  the  therm.. 1  annealing  processes  considerably  Improve  the  crystalline  quality. 

2  -  DISCRETE  GaAs  DEVICES  ON  Si  SUBSTRATES 

2.1  -  Solar  Cells 

Solar  cells  were  among  the  first  devices  fabricated  in  GaAs  on  Si.  The  lower  density  of  Si  makes 
it  an  attractive  substrate  for  GaAs  space  communications  solar  cells.  s  a  minority  carrier 
device,  solar  cells  performances  are  highly  dependent  on  crystalline  perfection.  Furthermore 
tensile  stresses,  related  to  a  large  difference  in  expansion  coefficients  of  GaAs  snd  Si,  favors 
cracking  for  thick  (>  4  pm)  layers.  The  best  GaAs  on  Si  cells  /4 /  yielded  1831  efficiency.  The 
dislocation  density  was  2  x  10^  cm”  . 

If  the  dislocation  density  and  cracking  could  be  controlled,  cascade  ills  fabricated  with  a  GaAs 
cell  as  top  snd  a  Si  bottom  cell  could  offer  an  optimized  38Z  theoretical  efficiency  by  utilizing 
at  its  maximum  the  solar  spectrum. 
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2.2  -  LEDs 

Large  areas  of  LEDs  have  been  suggested  for  printing  applications  because  of  the  availability  of 
large  area,  inexpensive  Si  substrates. 

A  GalnAsP  light  emitting  diodes  grown  by  LP-MOCVD  on  Si  substrate  has  been  recently  reported  /5/. 
The  device  has  been  operated  CW  at  200  mA  for  several  hours  without  any  significative  degradation. 
Clearly,  most  GaAs  on  Si  LED  research  is  aimed  at  combined  function  circuitry  such  as  optical 
interconnects  and  will  be  discussed  later. 

2.3  -  Lasers 

Injection  layers  emitting  at  room  temperature,  operating  CW  were  reported  for  both  GaAlAs/GaAs 
/6/  and  GalnAsP/InP  structures  /7 /.  In  spite  of  these  very  impressive  successes,  the  demonstrate 
performance  and  reliability  tests  are  not  adequate  for  real  applications.  The  greater  silicon's 
thermal  conductivity,  may  permit  upright  mounting,  and  consequently  simplifies  the  technology 
associated  with  flip-chip  mounting. 

Lasers  are  subject  to  degradation  as  soon  as  one  dislocation  penetrates  the  active  region.  This 
place  the  upper  limit  on  the  dislocation  density  at  about  102  cm-2,  1000  times  lower  than  the  best 
values  achieved  with  GaAs  on  Si.  The  residual  stress  also  contributes  to  degradation.  For  reli¬ 
able  laser  performance,  the  stress  should  not  exceed  1  x  10°  dyne  cm-2  /8 /,  which  is  one  order  of 
magnitude  lower  than  the  values  currently  achieved.  Both  stresses  and  dislocation  density  are 
reduced  with  patterned  substrates.  When  the  substrate  dimensions  are  close  to  the  epilayer  thick¬ 
ness,  both  the  stress  and  dislocation  density  are  reduced  /9/.  For  a  stripe  layer  the  stress 
becomes  essentially  uniaxial  and  remains  at  a  high  level.  If  the  laser  dimensions  can  be  reduced 
in  both  directions,  then  the  expected  reduction  in  stress  should  have  a  significative  impact  on 
reliability  and  performances. 

2.4  -  GaAa  on  Si  Optical  Waveguides 

A  lot  of  work  is  currently  being  done  in  the  field  of  optical  lntrachlp  interconnections  and 
therefore  on  integrated  optical  waveguides.  III-V  structures  on  Si  are  of  wide  interest  due  to 
the  speed  and  electrooptic  properties  of  multlquantum  well  (MQW)  GaAs/AlGaAs  waveguides.  A  struc¬ 
ture  consisting  of  three  100  periods  GaAs/AlAs  MQy  layers  has  been  ^rown  on  Si.  MQWj  (GaAs/AlAs 
respective  thicknesses:  90/200  A),  MQW2  (50/200  A),  MQWj  (100/100  A)  are  respectively  the  guide, 
cladding  and  buffer  layers. 

The  sample  cross-section  has  been  observed  by  Scanning  Transmission  Electron  Microscopy  (STEM). 
Figure  3  shows  a  picture  of  MQW2,  which  proves  the  very  high  quality  of  the  multilayer. 

The  waveguide  has  been  tested  by  monitoring  the  transmission  of  near  infrared  intensity  filtered 
by  a  monochromator.  Preparation  of  the  end  faces  of  the  waveguide  has  been  obtained  by  a  standard 
cleaving  procedure.  The  optical  waveguide  is  monomode  from  0.86  to  1.2  pm  and  further.  Figure  4 
8 hows  the  transmission  spectra  of  the  sample  for  two  cavity  lengths  with  en  excitation  with  TE 
mode  (similar  results  have  been  obtained  with  TM  mode).  The  oscillations  of  the  curves  are  caused 
by  the  coupling  between  modes  due  to  birefringence.  The  propagation  loss  is  about  14  dB/cm  at 
1  pm  in  TM  mode,  which  la  still  higher  than  for  GaAs  on  GaAs  optical  waveguide. 


Fig.  3  -  STEM  dark  field  image  of  MQW3  cross-section.  The 
mean  distance  between  dislocations  is  approximately  1  "m. 


Fig.  4  -  Transmission  spectra  of 
GaAs/Sl  waveguide  for  cavities  of 
2.5  and  5  mm. 


C4-484 


JOURNAL  DE  PHYSIQUE 


2.5  -  Field  Effects  Transistors 

The  majority  carriers  devices  are  relatively  unsensitive  to  dislocations.  The  best  GaAs  on  SI 
FETs  present  little  degradation  In  performance  from  that  expected  from  devices  fabricated  on  GaAs 
substrates.  Generally,  FETs  In  GaAs-on-Sl  exhibit  transconductances  802  of  the  values  from  all 
GaAs  transistors.  However,  GaAs  FET  operation  depends  on  high  resistivity  underlying  substrate 
and  buffer  layer.  In  comparison  with  seml-lnsulatlng  GaAs  SI  substrates,  up  to  4  Inches,  have  a 
resistivity  at  least  three  order  of  magnitude  below.  The  status  Is  even  worth  over  4  Inches.  For 
GaAs  on  SI  FETs  applications,  there  Is  a  requirement  of  a  thick  epitaxial  high  resistivity  buffer 
layer.  For  buffer  layers  thinner  than  3  pm,  degradation  of  leakage  currents  and  backgatlng 
effects  are  significative.  Cut  off  frequencies  up  to  55  GHz  have  been  measured  with  GaAs  on  SI 
MESFETs  / 10 / .  GaAs-on-Si  has  been  proposed  as  a  promising  material  for  power  FETs,  to  take 
advantage  of  the  superior  thermal  conductivity  of  SI.  Measurement  of  the  thermal  assistance  under 
the  gate  attested  of  an  Improvement  by  a  factor  ~  2  /I 1 /.  Simplified  technology  could  be 
achieved  for  GaAs-on-Si  power  FETs  on  highly  conductive  Si  substrates  /12 /. 

Also  it  has  proposed  that  GaAs-on-Sl  might  be  an  attractive  material  by  radiation  resistance 
because  carriers  generated  within  the  substrate  by  an  Ionizing  particle  may  be  trapped  by  disloca¬ 
tions  close  to  the  hetero  Interface. 

3  -  GaAs  INTEGRATED  CIRCUITS  ON  SI  SUBSTRATES 

3.1  -  Digital  Integrated  Circuits  -  MESFET 

T.I  has  demonstrated  /13/  a  functional  IK  static  RAM  containing  7500  transistors.  Threshold 
voltages  both  for  enhancement  and  depletion  mode  MESFETs  presents  dispersion  close  to  the  devices 
fabricated  entirely  by  an  Implantation  on  a  GaAs  substrate. 

Wafer  having  both  before  and  after  Implantation  annealing  were  not  sufficient  to  Impede  fabrica¬ 
tion  of  such  a  dense  circuit.  If  the  access  time  are  only  slightly  slower  than  those  on  circuits 
fabricated  simultaneously  on  control  GaAs  wafers,  the  circuit  yield  (~  102)  was  much  lower. 

3.2  -  Digital  Integrated  Circuits  -  Bipolar 

Fifteen  stage  ring  oscillators  and  ROMs  have  been  fabricated  in  GaAlAs/GaAs  on  Si  using  the  diffi¬ 
cult  emitter-down  (HI2L)  configuration  that  allows  hlgh-density  Integration  /14/.  All  layers 
were  grown  by  MBE,  the  p+  base  regions  were  defined  by  Ion  Implementation.  In  this  HI2L  configu¬ 
ration,  the  emitter-base  Interface  is  the  Sl-GaAs  hetero-interface  and  the  current  path  is  through 
the  Imperfect,  Sl/GaAs  hetero junction.  The  observation  of  Identical  emitter-base  characteristics 
for  GaAs-on-Sl  and  the  all  GaAs  control  devices  Indicates  thst  the  dislocations  threading  from  the 
SI  substrate  do  not  appreciably  degrade  the  performance  of  these  heterojunct Ion  bipolar  transistor 
(HBTs). 

A  novel  concept  of  GaAs-Si  heterojunction  bipolar  transistor  that  combines  a  highly  developed  Si 
bipolar  technology  with  a  GaAlAs  emitter  /I 5 / .  The  device  would  require  for  motion  of  a  critical 
GaAs/Sl  emitter  base  Interface.  Recent  results  at  THOMSON  /16 /  concerning  localized  growth  of 
GaAs  on  submicron  SK>2  windows  provide  encouragement  for  further  investigation. 

Calculations  Indicate  an  f  x  of  108  GHz  the  AlGaAs-on-Si  HBT  as  compared  with  76  GHz  for  the 
conventional  AlGaAs/GaAs  HBT. 

3.3  -  Honollthlc  Microwave  Integrated  Circuits 

Monolithic  microwave  Integrated  circuits  (MMICs),  consisting  of  GaAs  components  connected  with 
metal  microstrip  transmission  lines  on  a  seml-lnsulatlng  substrate,  promise  to  be  an  Important, 
large  scale  application  for  GaAs.  Although  these  circuits  are  not  densely  Integrated,  they 
require  large  chips  because  of  on-chip  matching  components  such  ss  Inductors.  The  promise  of 
using  large  diameter  GaAs-on-Sl  wafers,  which  are  resistant  to  breakage  and  have  superior  heat 
dissipation  characteristics,  Is  very  attractive;  but  can  the  silicon  substrate's  relatively  high 
electrical  conductivity  might  be  a  problem.  Indeed,  the  availability  of  GaAs  In  a  high  resistivity 
(10B  ohm  cm),  seml-lnsulatlng  form  was  a  major  factor  In  developing  MMIC  technology.  Early  work 
/1 7/  on  the  use  of  SI  as  a  transmission  medium  for  hybrid  circuits  showed  that  of  the  two  trans¬ 
mission  line  loss  mechanisms  -  substrate  loss  and  conductor  loss  -  the  conductor  losses  dominate 
at  higher  frequencies  (>  30  GHz)  as  long  as  the  substrate  resistivity  exceeds  2000  ohm  cm.  At 
mm-wave  frequencies  (90  GHz)  the  attenuation  of  mlcrostrlp  lines  on  Si  with  a  resistivity  of 
10,000  ohm  cm  can  be  quite  low  (0.6  dB/cm)  /18/. 
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The  active  elements  in  MMICs  are  usually  majority-carrier  MESFETs  which  are  easily  fabricated  with 
acceptable  performance  In  GaAs  on  Si.  Application  of  GaAs  on  SI  to  MMICs  then  depends  on  the 
availability  of  high  resistivity  silicon.  Such  material  la  grown  by  the  float  zone  process  and 
traditionally  has  been  available  only  in  sizes  less  than  125  mm.  Although  float  zone  growth  of 
150  mm  Si  crystals  is  believed  to  be  feasible,  the  cost  may  be  excessive  In  comparison  with  the 
expected  advantages  of  the  larger  wafers.  Wafers  of  Intermediate  size  (100  mm)  would  still  be 
attractive  for  potential  MMIC  applications,  but  there  remains  an  addltlonnal  potential  problem. 
High  resistivity  silicon  Is  subject  to  resistivity  reductions  during  high  temperature  processing. 
Fortunately,  recent  results  /18/  Indicate  that  Si  with  a  resistivity  as  high  as  10,000  ohm  cm  can 
be  stable  at  diffusion  and  thermal  oxidation  temperatures. 

A  single-stage  MMIC  feedback  amplifier  in  GaAs  on  Si  has  been  tested  / 19 / .  Operating  between  8.5 
and  11.5  GHz,  the  GaAs-on-Sl  MMIC  showed  a  lower  gain  and  smaller  bandwidth  than  the  GaAs-sub- 
strate  control.  However,  computer  simulations  showed  that  the  lower  performance  was  due  mostly  to 
a  leaky  Schottky  gate  on  the  GaAs-on-Sl  test  circuit  and  that  the  lower  resistivity  of  the  SI  sub¬ 
strate  (7000  ohm  cm)  had  only  a  negligible  effect  on  the  microwave  performance.  No  resistivity 
degradation  occurred  during  growth  of  the  GaAs  layer  or  during  subsequent  processing.  The  supe¬ 
rior  thermal  conductivity  of  the  SI  substrate  was  evident  in  thermal  resistance  measurements  which 
Indicated  that  the  junction  temperature  of  the  GaAs-on-Sl  MMIC  was  about  15°C  lower  than  the  all- 
GaAs  control. 

4  -  MONOLITHIC  INTEGRATION  OF  GaAs  and  Si 

The  most  exciting  potential  of  GaAs-on-Sl  occurs  in  applications  which  combine  functional  compo¬ 
nents  for  both  GaAs  and  Si  In  a  single  chip.  This  can  be  an  emerging  technology  that  couples  the 
high  components  density  and  process  sophistication  of  Si  with  the  high  speed,  high  frequency  and 
optoelectronics  capability  of  GaAs.  Significative  technology  evaluators  examples  of  such  integra¬ 
tion  Include  lntra-  and  interchip  optical  Interconnects,  GaAs  MMICs  with  SI  signal  processors  and 
SI  high  density  CMOS  coupled  with  high  speed  GaAs  processors. 

Success  depends  on  the  development  of  special  processing  regimes,  e.g. ,  growth  of  the  GaAs  on 
selected  regions  of  a  preprocessed  silicon  wafer  containing  fabricated  devices  or  circuits. 
Because  silicon  processing  generally  requires  higher  temperatures  than  GaAs,  the  silicon  circuits 
must  be  formed  (at  least  up  to  metallization)  before  GaAs  epitaxial  deposition,  during  which  the 
preprocessed  SI  circuitry  must  be  protected  by  a  Inert  mask.  Ultimately,  interconnects  must  be 
established  between  the  Si  and  GaAs  components.  This  requires  that  the  upper  surface  of  the  GaAs 
layer  be  nearly  coplanar  with  the  Si  surface  (or  the  dielectric  layer  covering  It).  The  approach 
being  Investigated  to  achieve  such  coplanarity  employs  deposition  of  the  GaAs  selectively  Into 
depressions  or  "trenches"  etched  to  the  optimum  depth  within  the  SI  substrate  /14 /.  When  the 
GaAs  is  deposited  by  MBE,  a  polycryBtalllne  film  is  simultaneously  formed  over  the  mask  that 
protects  the  Si  and  defines  the  desired  single-crystal  GaAs  area.  The  polycrystalllne  material 
must  be  removed  during  subsequent  processing. 

Deposition  of  GaAs  Into  trenches  etched  into  Si  is  fraught  with  potential  problems.  As  mentioned 
previously,  tilted  substrate  orientations  are  desired  to  minimize  threading  dislocations  and  eli¬ 
minate  antiphase  domains;  however,  multiple  orientations,  exposed  within  the  trench,  are  subject 
to  simultaneous  deposition.  Depending  on  the  trench  etching  process,  the  original  tilted  surface 
orientation  may  not  be  preserved  at  the  bottom  of  the  trench.  The  severity  of  these  potential 
difficulties  Is  being  experimentally  assessed. 

4.1  -  High  Speed  GaA3  with  High  Density  SI 

Successful  operation  of  a  preliminary  Integrated  circuit  has  been  demonstrated  with  a  composite 
ring  oscillator  containing  35  Si  CMOS  inverter  stages  and  12  GaAs  MESFET  buffered  logic  Inverter 
stages  all  operating  In  concert  /20/. 

4.2  -  Optoelectronic  GaAs  with  Si 

A  device-level  demonstration  vehicle  Integrating  a  AlGaAs/GaAs  light  emitting  diode  with  a  SI 
MOSFET  fabricated  In  the  underlying  substrate  has  already  been  tested  /21/.  The  LED  was  modulated 
at  rates  up  to  27  Mblt/s  (limited  by  the  large  area  of  the  particular  SI  test  device  used).  But 
serious  applications  will  require  Integration  of  lasers  to  obtain  the  requisite  output  powers  and 
bandwlth,  and  the  barriers  to  laser  performance  and  reliability  imposed  by  the  high  dislocation 
density  and  stress  of  CaAs  on  SI  must  be  circumvented.  Presently  the  stresses  measured  In  GaAs  on 
SI  are  around  10s  dyne  cm-2,  about  an  order  of  magnitude  greater  than  considered  acceptable  for 
lasers. 
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5  -  CONCLUSION 

We  have  reviewed  the  state-of-the-art  of  the  MBE  and  HOCVD  growth  of  GaAs  directly  on  Si  substra¬ 
tes  and  of  GaAs  devices  that  have  so  far  been  fabricated.  We  have  shown  the  tremendous  progress 
made  in  solving  the  major  problems  of  the  growth  of  GaAs  on  Si.  Striking  improvements  have  been 
made  with  regard  to  misfit  dislocation  control,  and  the  achievement  of  reproducible  GaAs  surfaces 
with  very  low  dislocation  densities  (i.e.,  103  cm-3  range)  is  now  in  progress. 

We  have  also  shown  that  many  of  the  Important  GaAs  devices  have  already  been  grown  on  Si,  with 
performance  identical  to  their  counterparts  on  GaAs  for  the  majority  carrier  devices  and  with  good 
performance  for  the  minority  carrier  devices.  In  light  of  the  rapidly  increasing  number  of  indus¬ 
trial  groups  that  are  now  working  on  the  fabrication  of  GaAs  devices  on  Si  substrates,  one  can 
consider  that  a  first  phase  of  the  GaAs  on  Si  research  is  completed  and  that  the  feasibility  of 
this  technique  is  now  established.  Further  efforts  should  be  directed  toward  two  areas:  i)  the 
conception  of  new  devices  actually  using  the  hybridization  of  GaAs  and  Si  technology,  ii)  the 
extension  of  this  new  heteroepitaxy  to  other  III-V  compounds  such  as  GaSb  oi  hu  and  to  II-»i 
compounds  1221. 
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RESUME 

L'utlllsatlon  de  TiW  (15/85  w.%)  en  contact  direct  avec  du  sllicium  p*  a  6te 
6valu6e.  La  resistance  des  contacts  a  £t£  £tudi£e  en  function  de  traitements 
thermiques  diff6rents,  recuits  rapides  (RTP).ou  recuits  conventionels  au  four 
en  atmosphere  s6che  ou  humide.  Des  mesures  parallAles  ont  6t6  faites 
simultanement  sur  des  6chantlllons  metallises  avec  de  l’aluminium. 

Les  profiles  de  diffusion  des  elements  dopants  ont  6te  determines  par  mesure 
61ectrique  (SRP).  La  hauteur  des  barrieres  de  Schottky  a  et6  mesuree  sur  de 
sllicium  de  type  n.  Les  valeurs  determlnees  sont  0.55  eV  pour  TiW  et  0.8  eV 
pour  l’aluminium.  Les  resultats  montent  qu'il  est  n6cessaire  d’avoir  des 
concentrations  superf iciel les  tres  eievees  a  fin  d'obtenir  des  resistances  de 
contact  faibles. 

Ces  effets  sont  plus  accentu6s  pour  1’ electrode  characteris6e  par  une  plus 
haute  barriere  de  Schottky  avec  le  sllicium  p*.  Ainsi  les  contacts  TiW/Si  sont 
tres  sencibles  A  des  petltes  variations  de  concentration  de  Bore.  En  depit  de 
ces  observations,  pour  une  concentration  superficielle  donn£e,  apres  recuit 
rapide  (RTP)  les  preformances  des  contacts  TiW/Si  p*  sont  meilleures  que 
cel les  des  contacts  Al/Si  p*. 

Dans  le  cas  de  ces  contacts  des  precipitations  de  sllicium  rfeduisent  l’aire 
effective  des  contacts.  II  en  r6sulte  une  augmentation  des  resistance  de 
contact  qui  est  d’autant  plus  marque  que  les  dimensions  sont  rfeduites.  Avec  le 
TiW  ces  precipitations  sont  eiiminees. 

ABSTRACT 

The  use  of  sputter  deposited  TiW  (15/85  w.  t.%)  as  a  direct  contact  material 
to  p+  silicon  is  evaluated.  The  effect  on  the  contact  resistance  of  different 
post-implant  activation  conditions,  e.g.  rapid  thermal  processing  and 
conventional  furnace  annealing  in  dry  or  wet  ambients,  has  been  studied.  For 
comparison  parallell  measurements  were  done  on  identically  processed  wafers 
metallized  with  aluminium. 

The  resulting  dopant  profiles  were  determined  by  spreading  resistance 
profiling  (SRP).  Schottky  barrier  height  measurements  were  performed  on  n-type 
wafers  metallized  with  TiW  or  Al .  The  respective  values  were  *Bn=  0.55  eV  and 
♦Bn  =0.8  eV.  The  results  from  contact  resistance  and  SRP  measurements  show 
that  a  high  surface  carrier  concentration  is  necessary  in  order  to  achieve  a 
low  contact  resistance. 

This  effect  was  more  pronounced  for  the  material  with  the  higher  barrier 
height  to  p*  silicon  l.e.  TIW  was  found  to  be  more  sensitive  to  a  small 
variation  in  the  boron  surface  carrier  concentration.  Despite  of  this  it  was 
observed  that  given  a  high  surface  carrier  concentration,  after  RTP  ,  the 
performance  of  TiW  contacts  to  p*  silicon  surpassed  that  of  Al.  In  case  of  a 
direct  Al-Si  contact,  silicon  precipitation  occurs  in  the  contact  hole  thereby 
reducing  the  effective  contact  area.  .This  will  cause  an  increase  in  the 
resistance  of  contacts  which  becomes  more  pronounced  for  small  dimensions. 

With  TiW  .silicon  precipitation  Is  avoided. 

INTRODUCTION 

In  modern  IC-technology  dimensions  are  approaching  1  micrometer.  The  reduced 
size  of  contact  holes  may  result  in  unacceptably  high  contact  resistances. 

A  method  often  suggested  to  circumvent  this  problem  is  to  form  a  silicide  on 
the  source  and  drain  areas  of  the  transistor.  Alternatively,  the  specific 
contact  resistivity  can  be  lowered  by  Increasing  the  dopant  activation,  since 
the  resistance  of  a  metal  to  semiconductor  contact  is  a  function  of  the  active 
dopant  concentration  and  the  Schottky  barrier  height. 

To  maintain  a  high  degree  of  dopant  activation  in  a  shallow  junction,  it  is 
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necessary  to  use  a  relatively  high  temperature  for  reduced  annealing  times 
These  demands  are  difficult  to  meet  with  conventional  furnace  annealing. 
However  they  can  be  met  with  the  RTA  technique  (1).  In  boron  Implanted 
silicon  the  transient  enhanced  diffusion  of  dopants  Is  severe  below  900C  (2). 
At  low  temperatures  the  dissolution  of  small  defect  clusters  proceeds  slowly 
thereby  Increasing  the  transient  period  and  the  resulting  junction  depth.  The 
clusters,  thought  to  act  as  primary  source  of  Interstitials,  remain  stable  at 
600C.  Therefore  the  low  temperature  annealing  step  does  not  affect  the 
diffusion  tall  of  the  final  Impurity  profile.  For  complete  defect  removal, 
temperatures  In  the  order  of  1100C  are  needed  (3).  At  this  temperature  a  few 
seconds  are  sufficient  to  fully  activate  the  Implanted  dopant  atoms.  For  such 
annealing  conditions  the  transient  broadening  of  the  Impurity  profile  should 
be  limited  to  tens  of  nanometers  only. 

We  have  compared  conventional  furnace  anneal ing  with  RTA  by  measuring  doping 
profiles,  dopant  activity  and  the  resulting  contact  resistance  propoertles  of 
p+  contacts  to  silicon.  In  atechnology  with  shallow  source/drain  Junctions,  it 
can  be  necessary  to  improve  the  reliability  of  the 'Al/Si  system  by  Introducing 
a  barrier  metal,  e.g.  T1W,  that  prevents  excessive  reaction  between  A1  and  Si 
(4).  Therefore  we  have  carried  out  our  tests  on  both  Al/p+-Sl  and  Al/TiW/p+-Si 
contacts. 


EXPERIMENTAL 

N-type  wafers  of  15-25  (lcm  resistivity  (100)  oriented  were  used  as  starting 
material.  Active  device  areas  were  patterned  by  means  of  conventional  LOCOS 
technique.  After  field  oxidation  a  200  A  thick  screen  oxide  was  grown.  The 
samples  were  then  implanted  with  BFa  with  a  dose  of  5  10,s  cm-2  at  50  keV. 

A  low  temperature  anneal  at  600  °C  for  25  minutes  was  used  to  recrystal  1 lze 
the  damage  caused  by  Implantation  before  4000  A  of  undoped  TEOS-oxide  was 
deposited  on  the  wafers. 

The  Implanted  species  were  then  activated  by  Rapid  Thermal  Annealing  (RTA)  in 
an  AG  210T,  Heat-pulse  equipment.  The  effect  of  different  annealing  time 
and  temperature  was  studied.  For  sake  of  comparison  a  couple  of  as-implanted 
wafers  were  furnace  annealed  at  925  °C  in  either  a  dry  or  a  wet  ambient. 
Contact  windows  were  defined  by  standard  photolithography  and  opened  by  RIE  in 
a  mixture  of  CHF3  and  O2. 

Prior  to  metallization  the  wafers  were  subjected  to  a  dip  in  buffered  HF  to 
remove  any  native  oxide  In  the  contact  windows.  Metallization  was  performed  in 
an  Electrotech  MS  6200  D. C. magnetron  sputter. 

A  trllayer  structure  consisting  of  1500A  T1W/3400A  A1 (Si , Cu)/1100A  MoSlx  was 
sputter  deposited  on  the  wafers  (4).  The  TiW-film,  serving  as  a  direct  contact 
to  silicon,  was  deposited  from  a  target  containing  15  %  titanium  by  weight. 

The  as-deposited  TiW-fllm  was  found  to  contain  24  atomic  percent  of  titanium 
as  determined  by  Rutherford  Backscatterlng  Analysis  (RBS).  For  reason  of 
comparison  a  bllayer  of  A1 (Si , Cu)/MoSix  was  deposited  on  a  few  identically 
processed  wafers  to  serve  as  a  set  of  references. 

The  structures  used  for  evaluation  of  the  contact  properties  were  four 
terminal  Kelvin  resistors  with  three  different  contact  sizes  viz  5x5,  3x3  and 
2x2  pm.  The  actual  doping  profiles  were  determined  by  Spreading  Resistance 
Profiling  (SPR)  technique. 

The  LOCOS  technique  was  also  used  to  define  circular  patterns  for  measurements 
of  the  metal-semiconductor  barrier  height.  In  this  case  N-type  silicon  wafers 
with  a  10  pm  thick  epl  layer  (15-25  tlcm)  on  top  of  a  bas  layer  of  0.001  Ocm 
was  used  In  order  to  reduce  the  influence  of  the  series  resistance.  These 
wafers  were  also  aluminium  metallized  on  the  backside.  The  barrier  height  for 
both  Al(Sl.Cu)  and  TiW  to  silicon  was  determined  with  the  C-V  technique  and 
the  Norde  plot  (5). 

Prior  to  electrical  evaluation  all  samples  recieved  an  hydrogen  anneal  at 
400  °C  for  70  minutes. 

RESULTS 

Figure  1  shows  a  comparison  between  boron  profiles  obtained  by  RTA  and 
conventional  furnace  anneal.  The  RTA  was  performed  at  112SC  during  5s  in  Inert 
ambient  and  the  furnace  anneal  was  done  at  925C  for  30  min  In  N2,  wich  for 
both  samples  resulted  In  similar  Junction  depths.  The  overall  as  well  as  the 
maximum  active  dopant  concentration  was  a  factor  of  3  higher  for  the  sample 
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where  RTA  was  used.  The  corresponding  sheet  resistances  measured  with 
four-point  probe  was  42  n/square  for  the  RTA  sample  and  1 260/ square  for  the 
furnace  annealed  sample.  The  dopant  dlstibution  is  also  markedly  different, 
with  the  RTA  profile  showing  considerably  less  dopant  depletion  towards  the 
surface. 


Fig. 1:  Boron  profile  for  conventional 
anneal  and  RTA 


Fig.  2:  Boron  profile  obltanled  by  SRP  for  RTA  saaples 
anneald  at  different  temperatures  and  tines. 


The  recorded  doping  profiles  after  thermal  treatment  at  two  different 
temperatures  and  process  times  are  shown  in  figure  2.  From  this  figure  it  is 
evident  that  the  maximum  boron  surface  concentration  is  almost  unaffected  by  a 
temperature  increase  from  1050C  up  to  112SC.  This  was  further  verified  by 
contact  resistance  measurements  made  on  Kelvin  structures.  The  recorded 
contact  resistivity  values  exhibited  no  dependence  on  the  RTA  temperature. 

This  indicates  that  the  surface  carrier  concentration  remains  almost  constant 
throughout  the  studied  temperature  Interval.  The  Junction  depth  is  however 
pushed  deeper  into  the  silicon  bulk  as  the  tmperature  and  time  is  increased 
whereas  the  electrical  activity  seems  to  be  restricted  by  the  maximum  carrier 
concentration  in  silicon  (6). 

The  contact  resistance  is  an  exponential  function  of  the  barrier  height 
divided  by  the  square  root  of  the  surface  carrier  concentration  (7).  It  is 
therefore  of  prime  Interest  to  measure  the  barrier  height  for  the  respective 
contact  system  considered  before  interpreting  the  recorded  resistivity  data. 

By  RBS,  the  as  deposited  TiW  film  was  found  to  contain  approximately  24  at. 7. 
Ti.  The  Schottky  barrier  height  of  this  alloy  at  room  temperature  on  n-type 
silicon,  was  found  to  be  *Bn  ~  0.55  -  0.57  eV  as  determined  by  capacitance 
measurements  or  the  Norde  plot  (5). 

Similar  measurements  on  aluminium  Schottky  diodes  gave  a  barrier  height  value 
of  approximately  *Bn  ~  0.8  eV.  The  results  are  listed  in  table  1  below. 


Norde  plot 

Barrier 
height  (eV) 

Ideal . 
factor 

■ 

Al/HoSl, 

0.836 

1.13 

0.88 

TlW/Al/MoSl, 

0.570 

1.12 

0.55 

Table  1:  Schottky  barrier  height  data  of  TIW  and  A1 
on  n-type  all Icon. 


FURNACE 

RTA 

625*0  wet  0s 

825*  C  Kg 

1125  »C 

15  min. 

IS  Bln. 

5  ssc. 

Al/p*-Sl 

Z.SIO"* 

2.210"* 

7.010"7 

Al/TIW/p'-Si 

S.810"* 

2.4*10"* 

B.OlO"7 

Table  2:  Contact  resistivity  for  different  annealing 
conditions.  All  values  are  In  Qcna. 


The  recordede  barrier  height  of  the  TiW  alloy  is  in  close  agreement  with  the 
reported  data  by  Aboelfotoh  (8),  using  the  forward  I-V  technique. 

Table  2  gives  a  comparison  between  the  recorded  contact  resistivities  for 
MoSlx/Al/p+  Si  and  MoSlx/Al/TiW/p+  Si  at  different  annealing  conditions. 
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Furnace  anneal  In  wet  Os,  which  is  often  used  In  standard  processing  schemes 
to  enable  flow  of  phosphorous  glass,  gives  a  higher  contact  resistivity  than 
anneal  In  N2  ambient.  It  Is  clearly  seen  that  RTA  results  In  lower  contact 
resistivities  for  A1  contacts  than  furnace  annealing  does.  Due  to  higher 
dopant  activation  at  the  surface,  values  below  10"e  Dcm2  are  achieved.  The 
measurements  on  Al/TiW/p+-Si  contacts  yielded  similar  results  In  terms  of 
Improvement  of  contact  resistance  when  RTA  was  applied.  As  the  Schottky 
barrier  for  TiW  is  higher  than  that  for  A1  on  p+-Si,  the  corresponding  contact 
resistivities  were  also  higher.  However,  when  RTA  was  applied  for  the  TiW 
samples,  contact  resistivities  below  10~e  Ocm  could  be  reached.  The  contact 
resistance  as  a  function  of  the  contact  size,  for  differently  processed 
wafers,  is  depicted  in  fig.  3.  The  highest  resistance  values  are  observed  for 
TiW  contacts  to  p+  areas  which  have  been  activated  in  a  wet  ambient  at  925C. 

If  however  the  gas  mixture  is  altered  so  that  annealing  occurs  at  925C  in  a 
dry  ambient  there  is  less  influence  of  the  contact  material  on  the  contact 
resistance  as  the  surface  doping  level  now  has  increased.  It  is  worthwhile  to 
notice  that  within  this  group  2x2pm  contacts  metallized  with  Al (CuSi )/MoSix 
exhibits  a  higher  resistance  value  them  similar  contacts  metallized  with  TiW. 
This  is  likely  to  be  a  result  of  an  enlarged  silicon  precipitation  in  the 
former  case.  Furthermore  it  is  interesting  to  note  that  pure  Ti-contacts  to  p+ 
areas,  annealed  in  a  dry  atmosphere,  results  in  a  lower  resistance  than  for 
corresponding  TiW  contacts,  although  the  barrier  heights  of  TiW  correspond  to 
that  of  pure  Ti  (8).  A  likely  explanation  for  this  is  that  Ti  in  the  TiW  alloy 
is  less  reactive  than  pure  Ti  and  therefore  less  efficiently  reduces  the 
native  oxide  in  the  contacts. 

Rapid  thermal  processing  further  lowers  the  contact  resistance  for  both  A1  and 
TiW  to  p+  silicon  as  a  result  of  an  enlarged  surface  carrier  concentration.  As 
Al(Cu.Si)  contacts  to  silicon  are  prone  to  cause  silicon  precipitation,  which 
reduces  the  active  contact  area,  it  is  not  surprising  that,  in  this  latter 
case,  TiW  contacts  result  in  a  lower  contact  resistance  value  than  Al. 


COKT#CT  RESISTANCE  (ohm) 


Fig. 3:  Contact  resistance  as  a  function  of  different 
contact  sizes  obtained  under  various  process 
conditions. 


Fig. 4:  The  contact  resistivity  as  a  function  of  the 
Inverse  of  the  square  root  of  the  surface 
carrier  concentration. 


In  fig. 4  contact  resistivity  is  plotted  versus  the  inverse  of  the  square  root 
of  doping.  It  is  observed  that  for  the  lower  values  of  surface  carrier 
concentration,  the  higher  Schottky  barrier  of  TiW,  results  in  a  contact 
resistivity  three  times  the  value  achieved  for  Al.  However,  as  the  -'—face 
electrical  activity  of  the  boron  Increases  and  exceeds  1  lO^cm  3,  the 
resistivities  for  TiW  and  Al  converges  and  reaches  values  below  10'8  flcm  .,  Due 
to  the  high  effective  dopant  concentration,  the  band  bending  is  strong  and  the 
influence  of  the  barrier  height  on  the  contact  resistivity  is  reduced. 
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CONCLUSIONS 

The  contact  properties  of  TiW  and  A1  to  shallow  junctions  in  silicon  have  been 
studied  by  contact  resistance  measurements  and  SRP.  The  Schottky  barrier 
height  of  TiW  and  A1  to  n-type  silicon  was  also  measured  and  found  to  be  0.55 
eV  and  0.8  eV  respectively.  Due  to  the  higher  barrier  of  TiW  to  p+  silicon 
compared  with  Al,  the  contact  resistance  of  TIW  to  p+  is  more  sensitive  to 
variations  in  surface  dopant  concentration.  This  is  more  pronounced  when 
furnace  annealing  is  used  because  the  dopant  activation  is  comparably  low.  In 
this  case  the  absolute  contact  resistances  are  also  higher  for  TiW  to  p+  than 
for  Al  to  p+. 

However,  when  RTA  is  used,  a  higher  temperature  can  be  tolerated,  which  yields 
a  higher  degree  of  dopant  activation.  This  also  causes  the  contact  resistance 
of  TiW  to  decrease  substantially  and  reach  the  values  achieved  with  Al. 

In  addition,  the  introduction  of  a  TIW  barrier  layer  prevents  silicon 
precipitation  that  reduces  the  active  contact  area,  giving  unacceptably  high 
contact  resistances. 
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Abstract  - 

In  this  work  we  show  the  necessity  of  diffusion  barriers  for  scaled  VLSI 
and  investigate  the  resulting  changes  of  reliability  risks.  Accelerating 
stress  tests  at  relevant  test  structures  are  presented  and  discussed  in 
detail. 


1  -  INTRODUCTION 

Diffusion  barriers  between  aluminum  based  metal  interconnects  and  the  highly 
doped  mono  silicon  source/drain  regions  (S/D)  of  MOS  transistors  are  necessary 
for  reliable  contacts  of  lpma  and  below.  The  barrier  decouples  aluminum  and  Si 
substrate  and  thus  reduces  the  contact  resistivity  and  prevents  aluminum 
spiking  even  at  the  high  current  densities  of  scaled  VLSI  technologies.  In 
this  paper  we  examine  contacts  with  and  without  diffusion  barriers  by 
reliability  experiments  and  compare  the  various  reliability  risks  of  typical 
MOS  transistor  contacting  schemes  in  detail. 

2  -  EXPERIMENTAL 

For  wafer  preparation  phosphorus  was  implanted  into  p-Si  and  thermally 
activated  to  form  the  highly  doped  n~  regions .  The  junction  depth  was  about 
0.5pm.  The  contact  holes  were  etched  by  RIE.  For  interconnect  metal 
Al- ( lwt% ) Si- ( 0 . 2wt% )Ti  111  was  D.C.  magnetron  sputtered.  The  thickness  was 
0.8pm.  As  diffusion  barriers  co-sputtered  TaSia  17.1  or  magnetron  sputtered 
Ti/TiN  /3/  was  used.  The  barrier  was  patterned  together  with  the  interconnect 
metal.  The  wafers  were  finally  annealed  at  450°C  for  30  minutes  in  Ha. 
Afterwards  the  samples  were  Al  wedge  bonded  and  encapsulated  in  ceramic 
packages . 

The  test  structures  were  different  contact  stripes  containing  quadratic  and 
long  contacts.  The  structures  are  especially  designed  for  reliability 
experiments . 

The  accelerating  stress  tests  were  done  at  an  ambient  temperature  of  150°C  and 
at  various  current  densities.  As  failure  criterion  resistance  increase,  metal 
open  or  a  leakage  current  of  >  10-loA  through  the  n"-/p  diodes  were  considered. 

To  have  a  reference  in  terms  of  metal  line  reliability,  stress  tests  were 
carried  out  with  500pm  long  metal  interconnects  using  2*10*A/cma  and  150°C. 
Here  the  failure  criterion  was  a  50%  increase  of  the  line  resistance. 


C4-496 


JOURNAL  DE  PHYSIQUE 


3  -  COMPARISON:  WITH/WITHOUT  HARRIER 

To  compare  the  reliability  of  contacts  with  and  without  a  diffusion  barrier 
contact  chains  of  some  tens  of  contact  couples  were  used.  The  contact  sizes 
were  5x5um2  and  0.9x0.9nm2. 

Contacts  between  metal  and  substrate  can  fail  by  aluminum  spiking,  resistance 
increase,  open  at  the  contact  edges  or  interruptions  of  the  interconnects  near 
the  contacts.  Contacts  without  a  diffusion  barrier  degrade  especially  by 
mechanisms  connected  to  the  aluminum/mono  silicon  interface.  For  metal/n- 
contact  chains  even  moderate  stress  increases  the  resistance  drastically  / 4/. 
In  figure  1  the  resistance  increase  aR/R0  is  used  as  failure  criterion.  Since 
experiments  with  metal/p”  contacts  don't  show  this  increase  it  is  attributed 
to  epitaxial  regrowth  of  A1  (p)-doped  Si  out  of  the  aluminum/silicon  alloy 
/ 5 / .  After  about  2000h  stress  time  the  examined  metal/n*  contacts  were  so 
strongly  degraded  by  aluminum  spiking  that  they  finally  failed  by  leakage 
current  even  though  junction  depth  was  relatively  high  (0.5um). 


cumulative  failures  in  X 


stress  time  m  h 


without 

barrier 

with 

diffusion  barrier 

contact  size 

m  [i  m2 

5  X  5 

5x5 

0.9  x  0  9 

stress  cond. 

I/contact 
in  m A 

5 

12  5 

5 

T  in  °C 

150 

150 

150 

MT  T  F  in  h 

(4r  *  o  3} 

no 

60 

>6000 

>  6000 

Fig.  1  -  Degradation  of  metal/n^  contacts  without  diffusion  barrier  by 
resistance  instabilities  at  stress  conditions  of  5mA/(5*5nm2  contact)  and 
150°C.  A  comparison  with  contacts  containing  diffusion  barriers  is  added  by 
the  table  right,  (f.c.:  failure  criterion) 


For  comparison  contact  chains  v.ich  diffusion  barrier  were  examined  (table  in 
Fig.  1).  For  the  same  contact  size  of  5*5nm2  the  mean  Lime  Lo  .failure  ( MTTF ) 
is  more  than  2  orders  of  magnitude  higher  although  the  stress  current  is 
increased  by  a  factor  of  2.5.  Using  the  same  stress  current  of  5mA  also 
0.9*0.9um2  contacts  with  barrier  were  tested.  The  MTTF  was  also  at  least  2 
orders  of  magnitude  higher  and  no  failure  by  leakage  current  was  detected. 

As  expected,  introduction  of  a  diffusion  barrier  eliminated  the  Al/Si 
interface  as  major  reliability  problem.  Since  TaSia  or  Ti/TiN  barrier  has  an 
excellent  step  coverage,  also  excessive  metal  thinning  at  contact  edges  due  to 
poor  step  coverage  is  widely  avoided.  Therefore  the  narrow  interconnect  line 
might  become  the  weakest  link  in  the  interconnect/contact  system. 
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4  -  T.AVOI1T  RELATED  EXPERIMENTS 

To  investigate  this  possibility  and  to  take  into  account  various  types  of 
layouts,  the  test  structures  of  Fig.  2  were  stressed.  The  peculiarity  is  a 
fixed  contact  area  which  can  be  used  for  only  one  single  long  contact  (type  A) 
or  many  quadratic  minimum  size  contacts  at  minimum  distance  (type  B).  The 
latter  approach  is  often  taken  to  eliminate  photolithography  problems.  The 
length  of  the  contact  areas  are  always  12|im.  The  width  is  varied  by  3nm  and 
1 . 3jim  in  spite  of  a  different  size  and  number  of  the  quadratic  contacts. 
Metal/contact  overlap  and  diffusion  region/contact  overlap  were  0.8nm  for  all 
test  structures.  The  test  structures  allow  to  seperate  failures  caused  by  poor 
step  coverage  and  narrow  line  width,  because  the  left  parts  should  only  show 
step  coverage  problems  but  the  right  parts  both  of  them. 


Fig.  2  -  Test  patterns  to  emulate  4  typical  possibilities  of  source/drain 
contacting  with  long  contacts  (type  A)  and  many  minimum  size  contacts  at 
minimum  distance  (type  B) . 


For  the  accelerating  stress  tests  at  a  stress  current  of  always  60mA  the 
failure  criterion  was  metal  open.  As  diffusion  barrier  Ti/TiN  was  used. 
Failures  were  only  observed  at  the  right  part  of  the  test  structure  (Fig.  2). 
and  were  located  at  the  narrow  metal  interconnects  near  the  contact  regions. 
This  proves  that  no  step  coverage  but  interconnect  problems  are  present. 

Therefore  interconnects  without  contacts  but  TaSia  and  Ti/TiN  as  underlayers 
were  examined  by  an  accelerating  stress  test  (Fig.  3b).  We  found  a  strong  line 
width  dependence  of  the  MTTF  similar  to  results  without  an  underlayer  /6/.  In 
comparison  to  interconnects  of  only  AlSiTi  the  total  open  of  the  lines  happens 
later  but  the  resistance  increases  drastically.  Therefore  a  circuit  related 
upper  limit  must  be  defined  as  failure  criterion  -  in  our  case  it  was  50%.  As 
shown  in  figure  3b  an  underlaying  material  can  influence  the  MTTF  of  the 
interconnects  significantly. 

As  expected  from  figure-  3b  the  MTTF  of  the  interconnects  leading  to  the 
contacts  confine  qualitatively  the  MTTF  of  the  whole  contact  test  structures 
(Fig.  3a).  Although  the  current  density  for  the  1 . 3>im  wide  contacts  is 
substantially  higher,  for  the  interconnects  it  is  about  a  factor  of  2,  the 
test  structures  with  the  wider  contacts  and  with  the  larger  interconnect  widt 
w  (Fig.  2)  fail  first. 

Not  well  understood  ist  the  MTTF  decrease  for  the  minimally  designed  quadratic 
contacts  compared  with  the  single  long  contacts.  This  is  also  true  for  the 
contacting  areas  with  6  contacts  of  1.3*1.3nma.  The  MTTF  is  nearly  the  same  as 
of  the  3*12nma  contacts.  On  the  first  view  the  MTTF  of  both  geometries  should 
not  differ,  because  the  interconnect  width  w  (Fig.  2)  is  the  same.  But  the 
significant  difference  in  lifetime  show  that  the  influence  of  current 
distribution  and  temperatur  gradient  must  be  taken  into  account.  Therefore 
also  the  results  of  the  figures  3a  and  b  agree  only  qualitatively. 
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cumulative  failures  in  °1o 


Fig.  3(a)  -  Stress  time  dependence  of  the  cumulative  failure  of  test 
structures  described  in  fig.  2.  The  stress  conditions  were  60mA  and  150°C  in 
each  case  and  the  failure  criterion  is  metal  open. 

Fig.  3(b)  -  Interconnect  line  width  dependence  of  the  MTTF  of  0.8|xm  thick 
AlSiTi  alloy  layered  on  TaSia  and  Ti/TiN. 


5  -  CONCLUSION 

Effective  diffusion  barriers  eliminate  the  aluminum/mono  silicon  interface  as 
reliability  risk  widely.  If  the  barrier  additionally  ignores  step  coverage 
problems,  which  can  be  achieved  by  an  improvement  of  the  aspect  ratio  by 
selective  tungsten  for  example  111  or  a  good  step  coverage  of  diffusion 
barriers  like  TaSia  or  Ti/TiN,  the  interconnects  close  to  the  contacts  become 
critical.  Therefore  the  effects  of  the  diffusion  barriers  on  the  reliability 
of  the  interconnects  are  also  a  problem  of  the  contact  system.  If  the 
interconnects  get  narrower  and  thus  much  more  reliable  the  interface  finally 
might  become  the  weak  spot  again. 

It  was  shown  that  minimum  sized  contacts  favored  by  the  layout  have  a  lower 
lifetime  than  long  contacts.  On  the  other  hand  long  contacts  might  require 
0.2nm  larger  overlaps  because  of  contact  widening.  For  an  optimal  contact 
geometry  both  aspects  must  be  considered. 
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Resume  -  A  partir  de  la  RBS  et  de  la  diffraction  X,  nous  montrons  qu'au  dessus  d’une  dpaisseur  critique  de  W 
(infdrieure  k  2000  A),  WSi2  couvert  par  y  WN  peut  etre  formd  par  recuit  sous  NH3  au  dessus  de  800°  C  de 
films  de  W  ddposds  sur  C-Si.  La  rdsistivitd  du  y  WN  est  ~  1  OOpfl-cm. 

Abstract  -  From  Rutherford  Backscattering  and  X-ray  diffraction  we  show  that  above  a  critical  W  thickness  (< 
2000  A),  WSi2  covered  by  y  WN  can  be  formed  by  annealing  under  NH3  of  W  films  deposited  on  C-Si.  Its 
resistivity  is  <  ~  100pX2-cm. 


I  -  INTRODUCTION 

As  the  size  of  the  elementary  devices  decreases  in  Si  integrated  circuits  the  depth  of  the  jonction  decrases.  An 
intermediate  layer  of  silicide  (usually  of  refractory  metal)  must  be  inserted  between  A1  and  Si  to  avoid  the  formation  of 
A1  spikes  which  can  destroy  the  source  and  drain  jonctions  IV- 

However  A1  also  react  with  refractory  metal  silicide  at  ~  500°  C  and  another  intermediate  layer  acting  as  A1  and  Si 
diffusion  barrier  between  A1  and  the  refractory  metal  silicide  have  also  to  be  added  121 .  Amorphous  Ti-W  mixtures  or 
WN  or  TiN  can  be  used  for  this  purpose  12 /.  However,  their  structure  and  their  properties  change  by  annealing  when 
Ta  >  500°  C. 

Here  we  look  for  the  direct  formation  of  crystalline  tungsten  nitride  on  tungsten  silicide  on  Si  by  direct  thermal 
annealing  under  NH3  of  crystalline  W  films  deposited  on  Si.  Some  results  exists  at  this  moment  for  annealing  under 
NH3  of  Ti  deposited  on  Si  /3/,  but  nothing  in  the  case  of  W. 

If  the  W  silicide  have  been  studied,  the  results  are  scarce  and  controversial  on  tungsten  nitrides  /4/.  Neitherthe  N  content 
corresponding  to  the  various  crystallographic  phases  (3”W2N"  and  y”W2N,  nor  the  presence  of  y”W2N"  only,  which 
has  the  peaks  of  p"W2N"  plus  additional  ones,  are  clear. 

Here,  we  look  at  what  will  be  formed  by  annealing  under  NH3  of  crystalline  (a  phase)  W  deposited  on  Si.  We  use 
X-ray  diffraction  at  glancing  incidence,  Rutherford  Back  Scattering  and  four-point  probe  measurements. 

2-  PREPARATION  AND  APPARATUS 

After  the  usual  cleaning  procedure,  high  resistivity  Si  samples  are  mounted  in  a  cathodic  sputtering  group.  After  a  base 
pressure  of  ~  410‘7  Torr,  a  80  %  Ar  +  20  %  H2  mixture  is  admitted  in  the  group  with  a  total  pressure  of  41 0'3  Torr. 
After  predepositions  on  a  shutter,  then  on  a  sacrified  sample,  the  W  is  deposited  on  the  Si  substrate  at  200°  C. 
W  thicknesses  of  200  and  2000  A  are  measured  by  DEKTAK  on  a  step  after  localized  etching  of  W. 

The  annealing  is  performed  under  a  classical  joule  oven  between  600  and  1 100°  C  during  2  hours.  The  X-ray  diffraction 
is  done  at  glancing  incidence,  typically  0.5°,  to  increase  the  sensitivity  and  excited  with  the  CuKa  radiation. 

The  Rutherford  Back  Scattering  use  He  ions  of  2  MeV  and  normal  (2000  A  of  W)  or  60°  incidence  (200  A). 

The  square  resistance  RQ  is  measured  by  the  usual  four-point  probe. 
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3  -  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
1)  -  Rutherford  Back  Scattering 
a)  200  A  thick  W  films  ;  Fig.  1. 


Fig.  1  -  RBS  signal  for  the  200  A  thick  W  on  Si  after  2  h  annealing  under  NH3  at  600°  C . , 

xxxxx  900°  C, . 1000°  C  and  1 100°  C - 

Although  N  is  not  favourable  here  as  it  appears  on  the  Si  background,  it  is  clearly  seen  by  RBS  as  soon  as  600°  C.  The 
N  content  increases  up  to  ~  900°  C  where  there  is  saturation  .  Formation  of  tungsten  silicide  (Plateau  or  shoulder)  on 

the  Si  leading  edge  and  W  falling  edge  is  not  seen  even  with  an  incidence  of  60°.  From  the  height  of  the  N  and  W 
signals  approximate  values  of  the  N/W  can  be  deduced.  It  increases  from  ~  0.3  at  Ta  =  600°  C  up  to  a  saturation  value 
of~  1.16  as  soon  as  900°  C 

b)  2000  A  thick  W  films  :  Fig.  2. 


ENERGY  (MeV) 

Fig.  2  -  RBS  signal  for  the  2000  A  thick  W  on  Si  virgin  ( - )  and  after  2  h  annealing  under  NH3  at  800°  C. 
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It  is  here  very  difficult  to  determine  the  N  signal  height.  Above  Ta  >  800°  C,  there  is  a  plateau  on  the  Si  signal  and  a 

hump  in  front  of  and  smaller  than  the  main  W  signal.  This  main  signal  is  lower  than  that  of  pure  W  ( - ).  There  is 

formation  of  tungsten  silicide  (Si/W  ~2)  covered  by  a  tungsten  nitride  of  unknown  composition. 

2)  -  X-ray  diffraction. 

a)  200  A  thick  W  film. 

The  virgin  films  have  only  the  peak  of  crystalline  "pure''  W  (a-W)  at  20.12  and  29.12°.  At  Ta  =  600  and  700°  C,  there 
are  additional  peaks  from  "p"  W2N  ((18.88,  21.94,  31.89°).  At  800°  C  there  is  only  "p"W2N.  At  TA>  1000°  C 
additional  peaks  at  10.78, 15.41,  24.73, 27.25°  occur.  All  the  peaks  can  be  attributed  to  "Y’W2N.  There  are  also  traces 
of  a-W  at  ~  20.12°. 

b)  2000  A  thick  W :  Fig.  3. 


Fie  3  -  X-ray  diffraction  at  glancing  incidence  (0.3°)  for  the  2000  A  thcik  W  on  Si  virgin  (NR)  and  after  2  h  annealing 
6'  3  at  700, 800,  1000,  1100°  C. 

In  the  virgin  sample  (NR)  the  peaks  are  those  of  a-W.  At  700°  and  800°  C  there  are  additional  peaks  from  "p"  W2N  and 
the  relative  intensity  of  the  W  signal  decreases.  At  1000°  C  then  1100°  C  additional  lines  appears  at  15.41  and  24.73 
(yW2N)  and  with  a  relative  intensity  increasing  with  temperature  at  1 1.35,  15.02,  19.82,  22.40,  23.10,  28.  <0,  31.23 
(tetragonal  WSi2).  Actually  with  an  higher  incidence  angle,  the  specific  peaks  of  WSi2  appears  as  soon  as  800°  C. 

3)  -  Square  resistance  at  room  temperature  :  Fig.  4. 

For  the  200  A  virgin  _W  film  it  starts  from  30  ft  with  a  maximum  of  1 1 5£2  at  900°  C,  then  decreases  to  50  f2  at  1 100  C. 
As  will  be  discussed  later,  only  tungsten  nitrides  are  formed.  From  their  thickness  we  deduced  resistivities  of  ~  200 
pfl-cm  P”W2N  and  ~  100  pfl-cm  y'WN". 

For  the  2000  A  virgin  W  film  it  starts  from  1 .7  has  a  maximum  of  8  fl  at  900°  then  decreases  around  2 ft. 


C4-502 


JOURNAL  DE  PHYSIQUE 


Fig.  4  -  Sheet  resistance  of  the  200  A  and  2000  A  thick  W  films  2  h  annealed  under  NH3 
4  -  mSCUSSIONAND  CONCLUSION 


-  From  RBS:  There  is  a  progressive  increase  of  the  N  content  from  WN0.3  (600°  C)  up  to  a  saturation  ~  WN  at  Ta  £ 
900°  C  without  formation  of  tungsten  silicide  for  the  200  A  virgin  W  film.  For  the  2000  A  W  film,  WSi2  is  formed  for 
Ta  S  800°  C  with  an  increasing  thickness  as  Ta  increases.  It  is  covered  by  a  tungsten  nitride. 

-  From  X-ray  diffraction  increasing  amount  of  P"W2N"  and  YW2N"  are  formed  respectively  between  600  and  800°  C 
and  1000  (perhaps  900°  C)  and  1100°  C  in  both  cases,  and  so  their  occurence  depends  only  on  Ta-. 

For  the  200  A  W  film,  the  whole  film  is  filled  by  N  prevent  the  formation  of  WSi2  at  Ta  S  650°  C  /l/.  There  is  only 
P"W2N"  at  Ta  =  800°  C  which  has  to  be  with  0.5  <  N/W  <  1  which  agrees  with  RBS,  and  would  suggests  W/N  ~  1, 
Y’WN"  rather  than  Y’W2N"  for  Ta  =  1000  and  1 100°  C.  From  their  R0  ,  the  resistivity  of  P"W2N"  and  Y'WN"  would 
be  respectively  around  200  and  100  pi2-cm. 

For  the  2000  A  W  thick  film,  N  does  not  reach  the  Si  interface  at  800°  C.  This  allows  the  formation  of  WSi2-  But  there 
is  always  a-W  in  the  top  part  of  the  film  which  is  never  saturated  by  N  for  2  h  annealing  between  600  and  1 100°  C. 
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A  new  self  aligned  contact  technology  has  been  introduced  into  a 
4Mbit  DRAM  process.  The  contact  hole  is  overlapping  gate  and 
field  oxide.  A  thin  nitride/thin  poly-Si/oxide  multilayer  allows 
a  contact  hole  etch,  which  does  not  significantly  affect  the  oxide 
isolation  of  the  gate  and  the  field  oxide.  After  acting  as  etch  stop, 
the  poly-Si  is  changed  into  oxide  by  selective  oxidation.  The  new 
process  offers  an  improved  reflow  of  isolation  oxide  and  contact  hole 
rounding. 


1.  INTRODUCTION 

By  using  self  aligned  contacts,  the  packing  density  of  integrated  circuits 
can  be  increased  /l/,  lithography  requirements  are  less  stringent. A  25  % 
shrink  of  4Mbit  DRAM  cell  area  was  achieved  by  a  fully  overlapping  bitline 
contact  (FOBIC)  /2/.  The  cell  design  allows  the  contact  hole  to  overlap  ga¬ 
te  and  field  oxide.  For  etching  the  dielectric  underneath  the  bitline  a  ni¬ 
tride  etch  stop  layer  has  been  used. 

The  self  aligned  contact  technology  can  also  be  based  on  a  poly-si  etch 
stop  layer  /3,  4/.  In  this  paper  we  report  on  the  integration  of  this  tech¬ 
nique  into  a  4Mbit  DRAM  process.  The  new  process  allows  an  improved  surface 
narization.  Improved  planarization  techniques  are  required,  because  surfa¬ 
ce  topology  is  critical  for  the  step  coverage  and  for  the  patterning  of 
submicron  bitlines.  The  realization  of  submicron  contacts  by  the  proposed 
process  is  combined  with  improved  techniques  for  the  reduction  of  contact 
resistance,  which  is  critical  for  device  performance. 


2.  SELF ■ALIGNED  CONTACT  PROCESS 

The  self  aligned  contact  process  is  employed  for  the  fabrication  of  a 
4Mbit  DRAM  trench  capacitor  cell.  The  4Mbit  DRAM  process  proceeds  by  the 
formation  of  trench  capacitors,  transistors,  1st  level  polycide  and  2nd 
level  metal  interconnects  /2/.  The  contact  between  polycide  bitline  and 
n  diffusion  (source/drain  of  transfer  gates)  is  self  aligned;  the  pro¬ 
cess  sequence  for  contact  formation  is  outlined  in  Fig.l. 

a)  The  gate  is  encapsulated  by  oxide  (>  150  nm)  using  a  spacer  technique: 
the  oxide  spacer  covers  the  sidewalls  of  a  double  layer  poly-Si/oxide. 

After  the  deposition  of  a  thin  nitride/thin  poly-Si/oxide  (BPSG)  multi¬ 
layer  oversize  contact  holes  are  patterned.  The  top  oxide  (BPSG  350  nm)  is 
etched  anisotropically  in  a  CHF,/0,  plasma.  The  thin  poly-si  acts  as  a  very 
efficient  etch  stop  due  to  the  high  selectivity  (20:1)  of  the  dry  etch  pro¬ 
cess.  A  30  nm  poly-Si  layer  allows  a  long  overetch  time  and  efficient  remo¬ 
val  of  BPSG  sidewall  spacers  (Fig.  2).  The  gate  isolation  is  not  affected 
by  the  top  oxide  etch. 
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1 )  direct  contact  mask,  oxide  etch  stopped  by  poly-Si  layer 


2)  poly-Si  etch;  resist  removal 
poly-Si  changed  into  oxide  by  wet  oxidation 


3)  thin  nitride/thin  oxide  etch 


4)  poly-Si  depositioapoly-Si  doping  (As  implantationlTeSi  sputtering 


Fig  1:  Process  flow  for  self  aligned  bitline  contact 


b)  After  etching  poly-Si  (selectively  to  nitride)  and  stripping  resist 
poly-Si  is  wet  oxidized.  A  simultaneous  BPSG  reflow  occurs.  The  underlying 
thin  nitride  prevents  the  oxidation  of  active  areas. 

c)  Only  a  thin  dielectric  is  left  for  the  final  etch  step  by  which  the 
oxide  isolation  of  the  gate  and  the  field  oxide  can  be  thinned.  The  thin 
nitride/thin  oxide  on  contact  areas  is  etched  anisotropically  in  a  CHF3/02 
plasma  (Fig. 3). 

d)  By  LPCVD  poly-Si  deposition,  As  implantation  doping  and  polycide  (TaSi) 
deposition  the  bitline  contact  is  formed  (Fig. 4).  The  contact  area  is  defi¬ 
ned  by  gate  and  field  oxide  edges.  A  distance  contact  to  gate  of  only 

0.25  ,um  can  be  realized,  the  oxide  isolation  between  gate  and  bitline  is  at 
least  120  nm. 


The  new  process  with  BPSG  top  oxide/wet  reflow  is  advantageous  for  sur¬ 
face  planarization  and  contact  hole  tapering.  This  is  demonstrated  by  the 
comparison  with  the  corresponding  process  using  an  undoped  Teos  top  oxide 
(Fig. 5).  The  reflow  of  BPSG  top  oxide  removes  the  sharp  contact  hole  edge 


Fig  2:  After  dry  etch 

of  BPSG  top  oxide 

(<-  -.  poly-Si  etch  stop) 


contact  hole  (mask) 


Fig  3:  After  contact  hole  etch  (BPSG  top  oxide) 
(arrow:  poly-Si  etch  stop  layer,  poly-Si 
is  changed  into  oxide) 


contact  hole  (mask) 


Fig  4:  bitline  contact  after  complete  process  Teos  top  oxide  after 

(BPSG  top  oxide)  contact  hole  etch 
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(see  Fig. 3).  The  wet  reflow  allows  an  effective  reflow  although  BPSG  doping 
level  is  kept  low  to  avoid  any  influence  of  further  temperature  steps  (2nd 
BPSG  reflow)  on  the  BPSG  underneath  the  bitline. 

The  proposed  process  requires  only  a  thin  nitride  layer  (10-20  nm)  as  oxi¬ 
dation  barrier.  The  thickness  of  the  nitride  layer,  which  remains  on  the 
wafer,  has  to  be  lower  than  50  nm  to  avoid  any  effect  on  device  performance 
e.g.  enhanced  leakage  current  due  to  defect  generation  /3/. 

Different  from  a  self  aligned  contact  process  /2,3/  based  on  nitride  as  an 
etch  stop  for  top  oxide  etch  the  new  process  allows  a  pure  dry  etch  of  top 
oxide.  In  the  case  of  a  nitride  etch  stop  a  nitride  thickness  of  70  nm  is 
required  because  of  lower  selectivity  of  the  CHF3/02  etch  process;  the  ni¬ 
tride  thickness  can  only  be  reduced  by  using  wet  etching  techniques  for  the 
top  oxide. 

After  serving  as  etch  stop  the  poly-Si  layer  has  to  be  oxidized  to  avoid 
problems  with  further  processing  (e.g.  2nd  contact  hole  etch)  or  shorts. 
Fig. 6  shows  the  oxide  thickness  grown  on  a  poly  Si  buried  under  BPSG 
(500  nm)vs.  oxidation  time.  The  oxidation  of  the  poly-Si  layer  can  be  per¬ 
formed  without  significant  increase  of  the  temperature  budget  of  the  pro¬ 
cess  because  the  BPSG  top  oxide  is  less  dense  than  thermal  oxide. 


.  n+  doped  poly-Si 


Fig  6:  Oxide  thickness  on  poly-Si 
under  500  nm  BPSG 


Fig  7:  Leakage  current  across 
gate  to  bitline  isolation 


The  new  process  has  been  introduced  into  the  4Mbit  DRAM  process  without 
degradation  of  device  yield  compared  to  a  conventional  contact  technique. 
The  leakage  current  through  the  gate  to  bitline  isolation  was  evaluated 
using  a  special  test  structure  placed  on  field  oxide  to  suppress  the  leak¬ 
age  current  path  through  the  gate  oxide  (Fig. 7).  The  isolation  of  the  gate 
encapsulation  is  superior  to  the  isolation  of  thermal  gate  oxide.  Investi¬ 
gation  of  LDD-Transistor  properties  exhibits  no  effect  of  adjacent  self 
aligned  contacts. 


3. 'SELF  ALIGNED  CONTACT  FOR  STACKED  CAPACITOR  BBML-CELL 

The  proposed  process  can  also  be  used  for  another  type  of  self  aligned  con¬ 
tact;  the  contact  is  not  only  Belt  aligned  to  gate  and  field  oxide  but  also 
to  an  electrically  active  n+  poly-Si  layer  like  the  upper  cell  plate  of  a 
Stacked  Capacitor  DRAM  cell.  The  Stacked  Capacitor  /5/  consists  of  two  poly 
Si  plates,  formed  after  the  transistor.  During  the  etching  of  the  bitline 
contact  to  source/ drain  of  the  transfer  gate,  the  upper  cell  plate  can  be 
used  as  poly-Si  etch  stop  layer.  After  etching  the  contact  through  the  n 
poly-Si  layer  the  contact  Isolation  to  the  n+  poly-Si  is  achieved  by  selec¬ 
tive  oxidation  of  the  poly-Si  inside  the  contact  hole  (Fig. 8).  Investiga¬ 
tion  of  the  oxide  isolation  between  n+  poly-Si  and  bitline  contact  shows  a 
marked  Increase  of  breakdown  voltage  above  20  V  for  dox  >160nm.  Above  this 
critical  oxide  thickness  a  reliable  isolation  is  achieved. 
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Fig  8;  Self  aligned  cont-.act 
through  a  n+poly-Si  layer 
(Stacked  Capacitor  DRAM) 
after  poly-Si  etch  and 
poly-Si  oxidation 
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Fig  9:  Specific  contact  resistivity 
as  a  function  of  As+  ion  energy 
(  ▼  additional  Si+  implantation) 


4.  CONTACT  RESISTANCE  POLY-Si/Si 

For  poly-Si/Si  contacts  it  is  well  known  /6/  that  a  thin  native  oxide  layer 
layer  of  about  15  A  between  n-Si  contact  area  and  deposited  poly-Si  re¬ 
sults  in  high  contact  resistivity.  By  ion  implantation  into  poly-Si  low 
specific  contact  resistivities S,  can  be  realized.  Fig. 9  shows  the  dependence 
of  S»  on  As+  and  Si+  implantation  energy.  Low  8*.  values  in  the  20  Jl-um2  ran¬ 
ge  are  found  if  the  energy  is  high  enough  that  As+-ions  reach  the  contact 
interface.  High  resolution  TEM  shows  that  the  native  oxide  layer  is  broken 
up  and  epitaxial  growth  of  the  poly-Si  layer  occurs  after  a  moderate  heat 
treatment  (950  C,  8  min) .  If  Si  -ions  are  used  to  break  the  native  oxide 
layer  low  $<.  values  are  obtained  even  after  a  low  energy  As+  ion  implanta¬ 
tion  (Fig. 9).  This  technique  turns  out  to  be  very  promising  since  almost  no 
degradation  of  the  contact  doping  profile  occurs  by  the  additional  Si+ 
implantation. 
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Abstract 

PMOS  transistors  with  channel  lengths  down  to  0.35pm  have  been  fabricated  by 
implanting  boron  into  TiSi,  and  using  a  low  temperature  anneal  (800*0  to 
outdiffuse  the  dopant  and  form  the  P+  junction.  This  method  allows  the 
formation  of  shallow,  low  resistance  junctions  (< 0.26pm,  5a/sq)  and  retains 
any  ion  damage  within  the  sillcide.  Electrical  measurements  show  reverse 
leakage  currents  of~lnA/cni2  and  PMOS  characteristics  comparable  to  or 
better  than  conventionally  formed  PMOS  transistors. 

Introduction 

The  formation  of  shallow,  low  resistance  junctions  is  an  Important  requirement 
in  MOS  VLSI  in  order  to  minimise  short  channel  effects  in  MOSFETS.  However, 
the  formation  of  shallow  P+/n  junctions  Is  difficult  to  obtain  since  boron 
tends  to  channel  deeply  into  silicon  during  implantation  and  diffuses  rapidly 
during  further  high  temperature  processing.  Shallow  P+  junctions  can  be  formed 
by  using  RTA,  preamorphisation  and  boron  fluoride  Implants,  whilst  silicldatlon 
is  used  to  reduce  the  sheet  resistance  of  the  source,  drain  and  gate  regions. 

A  problem  with  using  preamorphisation  Implants  is  the  creation  of  defects  in 
the  silicon,  whilst  fluorine  can  Increase  leakage  currents.  Mary  of  the 
problems  associated  with  shallow  junctions  can  be  avoided  by  implanting  the 
dopant  into  the  sillcide  and  then  outdlf fusing  it  using  a  fairly  low 
temperature  anneal  to  form  the  junction  (1,2).  Implantation  Into  the  sillcide 
means  that  ary  Ion  damage  is  confined  within  the  sillcide  -  not  In  the  silicon, 
uniform  dopant  profiles  can  be  achieved  since  anisotropy  and  shadowing  effects 
of  the  implantation  are  eliminated.  Also  since  the  Implant  process  does  not 
create  damage  In  the  silicon  the  temperature  Is  not  determined  by  that  required 
to  anneal  out  the  Ion  damage,  thus  low  temperature  processing  can  be  used. 

Here  the  results  of  an  Investigation  Into  the  formation  of  PMOS  transistors, 
with  channel  lengths  down  to  0.3!*im,  by  Implanting  boron  Into  T1Si2  and  using  a 
low  temperature  anneal  to  outdiffuse  the  dopant  are  presented. 

Experiment 

An  advanced  CMOS  process,  employed  In  our  laboratories  was  used  to  fabricate 
the  devices.  This  employs  trench  Isolation,  oxide  sidewall  spacers,  a  20nm 
gate  oxide  and  slllclded  source,  drain  and  gate  regions.  Fig.  la,b  shows  a 
schematic  of  the  two  process  schedules  used  to  form  the  pmos  devices.  In  the 
conventional  process,  fig.  la  after  the  cvd  oxide  sidewall  spacer  Is  formed  a 
silicon  Implant  Is  used  to  preamorphlse  the  silicon  to  a  depth  of  about  0.1$im, 
followed  by  a  boron  fluoride  Implant  (  1E15/cit?  ,  40kV).  The  solid  phase 
epitaxial  regrowth  anneal  Is  used  to  regrow  the  single  crystal  silicon  whilst 
minimising  boron  diffusion.  RTA  annealing  Is  followed  by  deposition  of  50QA  of 
T1  and  a  two  stage  RTA  process  to  form~68Q*  of  T1S12 .  Fig.  lb  shows  the 
reduced  number  of  processing  steps  required  when  forming  P+  Junctions  by 
Implanting  the  dopant  Into  the  already  formed  sillcide  layer.  Boron 
Implantation  Into  the  sillcide  Is  followed  by  a  fairly  low  temperature  anneal 
(800*0  to  form  the  P*  junction.  Fig. 2  shows  the  relationship  between  boron 
Implant  energy  and  junction  depth  for  P+  junctions  formed  by  Implantation  Into 
TISIj  .  Shallower  Junctions  can  be  formed  by  increasing  the  sillcide  thickness 
or  reducing  the  Implant  dose  and  energy.  Fig  3  shows  a  SIMS  profile  for  a  P+ 
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junction  formed  by  Implanting  boron  at  3E15/OII2 ,  lOkV  Into  68QA  of  T1S1,  and 
then  outdlffuslng  It  using  an  800*C,  60  min,  >L  anneal.  The  junction  depth  Is 
around  0.21pm,  when  taking  the  pmos  n-well  doping  Into  account.  After  contact 
formation  and  metallisation  the  devices  were  sintered  (425*C,  SOmin.^/Nj)  and 
were  then  ready  for  testing.  The  sheet  resistance  was  ~60/sq  for  the  P+ 
junctions  formed  by  Implantation  Into  slllclde,  compared  to~5a/sq  for  the 
conventional  slllclded  P+  junctions.  P+/n  diodes  fabricated  by  this  technique 
have  shown  low  leakage  currents  of~lnA/cm?  at  -5v  and  almost  ideal  forward 
current  characteristics,  for  a  range  of  boron  doses  and  energies.  Fig. 4  shows 
a  reverse  I-V  plot  for  a  P+/n  diode  of  area  47,000  pm2. 

PMOS  transistors,  with  channel  lengths  down  to  0.35pm  have  been  fabricated  by 
implanting  boron  Into  T1S1,  and  compared  with  conventional  pmos  devices. 
Measurement  of  the  linear  transconductance  Gm,  as  a  function  of  effective 
channel  length  and  pmos  transistor  type  Is  shown  In  fig  5,  as  can  be  seen  the 
Implant  into  slllclde  device  has  a  slightly  higher  Gm,  due  to  the  reduced 
series  resistance  of  the  P+  junction.  The  low  field  gain  of  the  implant  into 
slllclde  device  is  ~  23PA/V2  compared  ^“EO.SpA/V2  for  the  conventional  device 
and  the  saturation  current  of  the  Implant  Into  slllclde  device  is  a  few  percent 
higher  at  the  same  channel  length.  Obviously  by  Increasing  the  BF2  dose  the 
series  resistance  of  the  conventional  device  will  be  reduced,  however  the 
junction  depth  will  also  Increase  -  by  implanting  into  the  sillcide  a  shallow, 
high  surface  concentration  junction  can  be  formed.  Fig. 6  shows  the  output 
characteristics  for  a  pmos  transistor  with  an  effective  channel  length  of 
0.35pm,  formed  by  implanting  boron  Into  T1 S12  and  using  an  800'C  anneal  to  form 
the  junction. 

In  the  subthreshold  region  both  the  conventional  and  implant  Into  sillcide 
devices  have  the  same  subthreshold  slope  (91mV/dec),  fig. 7  shows  a  subthreshold 
plot  for  a  pmos  transistor  with  a  channel  length  of  0.4pm  formed  by  implanting 
boron  into  T1Si2  to  form  the  P+  regions.  Offstate  leakage  (Vd=-5v,  Vg=lv)  was 
found  to  be  less  than  lOpA  for  channel  lengths  down  to  0.65pm,  below  this  the 
leakage  Increases  to  .IpA  for  a  channel  length  of  0.45pm  as  a  punchthrough 
begins  to  control  the  maximum  allowable  drain  voltage.  At  channel  lengths 
above  0.65pm  the  maximum  drain  voltage  Is  controlled  by  the  breakdown  voltage 
of  the  P+/n  junction. 

The  reduction  of  the  threshold  voltage  Vt  with  channel  length  was  plotted  for 
the  conventional  pmos  and  Implant  Into  slllclde  device,  fig. 8.  As  the  plot 
shows  the  use  of  high  dose  boron  (5E15/ciiti  implanted  Into  the  T i S12  layer  does 
not  enhance  Vt  reduction. 

Conclusion 

Implantation  of  boron  Into  T 1 SI,  and  use  of  a  fairly  low  temperature  anneal 
(800°C)  has  enabled  the  fabrication  of  shallow  P+/n  junctions  with  low  leakage 
currents.  This  method  has  been  used  to  fabricate  pmos  transistors  with  channel 
lengths  down  to  0.35pm.  The  devices  formed  by  this  method  have  characteristics 
equal  or  superior  to  conventionally  formed  slllclded  pmos  transistors. 

The  procedure  Is  compatible  with  submicron  CMOS  processing. 
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Resume.  Une  comparaison  entre  le  dopage  avec  arsenic  et  phosphore  des  contacts  auto-altgnes  par 
implantation  ioniqve  est  presentie.  En  utilisant  la  simulation  bidimensional  pour  le  profit  de  dopage  il  a 
ete  possible  ezpliquer  la  haute  defectuosxte  mesuree  des  contacts  dopes  arsenic.  Son  origine  depend  d'une 
insuffisant  superposition  entre  la  diffusion  du  contact  et  I’oxyde  de  champ,  du  a  un  effet  d’ombre  dans 
une  region  critique  du  contact. 

Abstract.  A  comparison  between  arsenic  and  phosphorus  implanted  self-aligned  contacts  is  presented ;  by 
using  2D  process  simulations  the  high  leakage  defectivity  measured  on  the  As  contacts  has  been  explained. 

Its  origin  arises  from  an  insufficient  overlap  between  the  contact  diffusion  and  the  field  oxide,  due  to  a 
shadowing  effect  in  a  critical  zone  of  the  contact. 

1  Introduction 

To  enhance  compactness  of  a  CMOS  process  architecture,  self-aligned  contacts  are  often  used;  a  self-aligned  contact 
(SAC)  is  defined  as  a  contact  larger  than  the  active  area  (fig.  la),  therefore  in  a  SAC  two  rones  are  present  in 
which  the  bird’s  beak  of  the  field  isolation  may  be  removed  during  the  contact  opening,  leading  to  a  short  between 
the  metal  and  the  underlying  p-isolation.  To  avoid  this  problem,  that  can  appear  also  in  conventional  contacts 
when  misalignment  between  active  areas  and  contacts  is  present,  a  n+  implant  is  usually  performed  after  the  contact 
opening  operation,  to  self-align  the  contact  itself. 

In  the  particular  case  of  an  EPROM  process,  to  minimize  lateral  diffusion  and  the  contact-gate  distance,  an  arsenic 
implant  is  generally  considered  to  be  the  better  choice  [lj.  However,  experimental  results  show  that  similar  contacts 
have  to  be  considered  critical  due  to  their  high  leakage  defectivity. 

2  Experimental 

The  structure  used  to  verify  the  leakage  of  SACs  consist  of  an  array  of  about  60000  1.4  x  1.6pmJ  contacts,  that  are 
self-aligned  to  an  active  area  whose  width  is  Ipm.  The  leakage  of  the  structure  is  collected  by  a  metal  cover  that 
contacts  all  the  SACs  simultaneously.  The  junction  depth  of  the  As  active  area  diffusion  is  about  2500A.  All  the 
contacts  have  the  same  orientation  on  wafer. 

To  make  comparisons  with  the  behavior  of  standard  contacts,  similar  structures  are  available  in  which  an  active  area 
head  is  added  to  the  contact. 

Different  contact  implants  have  been  ‘ested,  and  all  have  been  performed  using  a  tilt  angle  of  7°,  to  minimize 
channeling  problems;  leakage  currents  have  been  measured  when  a  reverse  bias  of  10  V  is  applied  to  the  structure. 
To  avoid  shadowing  effects  in  the  region  below  the  lateral  side  walls  of  the  SAC,  the  ion  beam  projection  has  been 
set  parallel  to  the  active  area. 

In  figure  2  the  leakage  distributions  of  both  self-aligned  and  standard  contacts  with  an  arsenic  contact  implant  are 
reported;  the  implant  dose  is  5  x  10Iscm~J  at  80  KeV,  and  the  metalization  is  a  simple  AlSi.  As  it  can  be  noticed, 
a  high  defectivity  is  exibited  by  the  SACs,  and  it  disappears  if  a  head  is  added  to  the  contacts. 

No  significant  differences  are  introduced  when  the  As  contacts  are  metalized  with  barrier  metal;  as  it  can  be  shown 
in  figure  3  the  use  of  a  double  layer  of  Ti  and  TiN  does  not  remove  the  high  leakage  tail  in  the  SACs. 

Better  results  are  obtained  by  implanting  the  contacts  with  phosphorus;  in  figure  4  the  leakage  distribution  it  reported 
for  a  6  x  1018cm'',  80KeV  P  implant  and  standard  metalization.  A  strong  reduction  of  the  SAC  defectivity  is  evident, 
together  with  a  sharper  distribution  of  the  leakage  current. 

In  figure  5  the  behavior  of  As  contacts  with  barrier  metal  is  shown  ,  in  which  the  As  dose  has  been  implanted  half  at 
7°  and  half  at  -7°,  to  avoid  residual  shadowing  effects.  A  heavy  improvement  in  comparison  with  simple  7°  implant 
is  manifest. 
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3  Simulation  and  discussion 

As  it  appears  from  figure  2  and  3,  in  which  no  leakage  is  present  in  contacts  with  head,  the  problem  of  the  leakage  in 
As  implanted  SACs  is  strictly  related  to  the  presence  of  the  self-aligned  part  of  the  contact.  Besides,  the  particular 
kind  of  metalization  utilized,  does  not  play  any  role  in  determining  the  leakage  mechanism. 

The  experimental  data  could  be  explained  if  we  suppose  some  residual  shadowing  effect  in  spite  of  the  appropriate 
wafer  orientation  used  during  the  contact  implantation. 

To  verify  this  assumption,  2D  simulations  of  the  self-aligned  contact  have  been  performed  with  TITAN-4  2D  Process 
Simulator  [2];  cross  sections  of  arsenic  and  phosphorus  doped  self-aligned  contacts  have  been  obtained  in  the  worst 
case  of  0.4/im  misalignment  between  active  area  and  contacts  (mask  to  mask  to  mask  misalignment).  In  particular, 
doping  profiles  simulations  have  been  performed  along  cross  sections  normal  and  parallel  to  the  active  area.  In  the 
last  case  the  doping  profile  has  been  obtained  along  a  line  1500A  away  from  the  side  wall  of  the  misaligned  contact 
(see  line  A  in  fig.  lb). 

Data  are  reported  in  figure  6  for  both  arsenic  and  phosphorus.  For  the  arsenic  case,  considering  the  normal  cross 
section,  a  small  and  critical  overlap  between  the  diffusion  and  the  field  oxide  may  be  noted.  This  critical  overlap 
indeed  becomes  a  heavy  miscoupling  if  the  parallel  cross  section  is  analyzed. 

Therefore  the  2D  simulation  confirms  that  in  a  SAC  exists  a  critical  point  in  which  the  p-isolation  may  be  contacted, 
leading  to  a  leakage  of  the  contact  itself.  This  zone  is  indicated  with  C  in  figure  lb. 

This  problem  is  completely  removed  by  the  use  of  a  phosphorus  implant;  as  it  can  be  noted,  the  deeper  junction 
of  phosphorus  gives  place  to  a  larger  plug  below  the  contact,  that  guarantees  a  good  overlap  also  in  presence  of 
misalignment  and  shadowing  effect. 

The  simulated  trends  are  widely  confirmed  by  the  SEM  cross  sections  reported  in  figure  7.  Also  it  is  important  to  note 
that  the  As  implant  at  7°  and  -7°  is  sufficient  to  eliminate  the  leakage  current,  since  it  eliminates  the  miscoupled 
zone  .  Unfortunately  a  similar  solution  is  not  proposable  because  of  the  related  low  throughput  and  high  handling. 
A  7°  phosphorus  implant  seems  to  be  the  best  choice  to  reduce  the  leakage  defectivity;  in  fact  experimental  data 
from  wafers  with  different  P  contact  implants  do  not  point  out  any  critical  dependence  of  the  leakage  current  on 
the  particular  dose  and  energy  in  a  wide  range  of  variation.  On  the  other  side,  the  necessity  of  a  P  contact  implant 
imposes  to  keep  into  account  the  spurious  effects  on  the  effective  length  of  the  adjacent  transistor  and  on  the  EPROM 
cell  writing  efficiency;  in  fact  the  presence  of  phosphorus  near  the  drain  region  of  the  cell  (that  becomes  particularly 
important  when  contact  to  gate  misalignment  is  present)  could  reflect  either  on  a  higher  drain  electric  field  either  on 
a  lower  one,  depending  on  the  particular  dose  utilized  for  the  implant;  an  example  is  reported  in  figure  8.  Therefore 
the  right  dose  and  energy  has  to  be  carefully  tuned  in  order  to  maintain  a  good  writing  performance. 

Similar  observations  should  be  valid  also  for  0°  arsenic  implants;  this  situation,  that  has  not  been  evaluated  in  this 
work,  should  lead  to  results  similar  to  those  of  a  ±7°  As  implant.  Anyway  the  presence  of  vertical  and  lateral 
channeling  could  affect  the  performance  of  the  nearby  transistors  too. 

4  Conclusion 

The  high  leakage  defectivity  of  the  arsenic  implanted  SACs  has  been  interpreted  as  due  to  a  residual  shadowing 
effect  in  a  critical  corner  of  the  contact;  the  2D  TITAN-4  Process  Simulator  has  turned  out  very  useful  to  visualize 
geometries  and  dopings  in  different  zones  of  the  self-aligned  contact. 

It  is  important  to  underline  that  the  entity  of  the  shadowing  non-  overlap  effect  is  strictly  dependent  on  the  particular 
process  architecture  and  contact  technology  that  is  utilized.  The  extent  of  the  contact  over-etch,  the  contact  reflow 
temperature  and  time  and  the  lithographic  misalignment  are  the  mcs.  critical  parameters  that  can  affect  the  leakage 
current.  The  effects  of  critical  overlap  of  the  arsenic  contact  diffusion  will  become  heavier  and  heavier  for  future 
process  architectures  in  which  higher  compactness  and  new  technologies  with  reduced  diffusions  will  be  required. 
The  high  lateral  diffusion  that  is  obtained  with  P  implants  allows  to  overcome  the  shadowing  problems;  on  the 
other  side,  spurious  effects  could  be  introduced.  A  fine  tuning  of  the  phosphorus  dose  and  energy  seems  to  be  the 
safer  solution.  A  0°  arsenic  implant  could  also  be  a  suitable  one  but  a  careful  preliminary  evaluation  of  the  lateral 
channeling  mechanisms  is  necessary. 
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figure  1  la)  Self-  aligned  contact  schema, 
lb)  The  self-aligned  contact  when  0.4  pm  misalign¬ 
ment  respect  to  the  active  area  is  present.  Along  the 
line  A,  2D  doping  profile  simulations  have  been  per¬ 
formed;  with  C  the  critical  corner  is  indicated  in  which 
the  shadowing  effect  takes  place. 
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figure  2  Leakage  distribution  at  T=300  K  of  101  arsenic  implanted  contacts  metalised  with  AlSi;  the  implant  dose 
is  5  x  1016  cm-1  at  80  KeV  and  has  been  implanted  with  a  7°  tilt  angle. 
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figure  3  Leakage  distribution  at  T=300  K  of  104  arsenic  implanted  contacts  metalised  with  barrier  metal;  the 
implant  dose  is  5  x  10ls  cm'*  at  80  KeV  and  has  been  implanted  with  a  7°  tilt  angle. 
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figure  4  Leakage  distribution  at  T=300  K  of  104 
phosphorus  implanted  contacts  metalised  with  AlSi; 
the  implant  dose  is  5  x  10,f  cm'3  at  80  KeV  and  has 
been  implanted  with  a  7°  tilt  angle. 


figure  S  Leakage  distribution  at  T=300  K  of  104  ar¬ 
senic  implanted  contacts  metalised  with  barrier  metal 
(Ti  TiN);  the  implant  dose  is  5  x  10u  cm'3  at  80  KeV 
and  has  been  implanted  with  a  ±7°  tilt  angle. 
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figure  8  Normalized  writing  time  of  an  EPROM  cell 
vs  percent  reduction  of  the  contact-gate  distance,  for 
different  doses  and  energies  of  the  P  contact  implant. 


figure  7  Cross  section  SEM  photos  for  arsenic  and 
phosphorus  implanted  self-aligned  contacts. 
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Abstract  -  A  novel  20  profiling  technique  of  high  spatial  resolution 
(  20  x  20  nm)  Is  used  to  measure  the  asymmetry  In  implanted  and 
transiently  annealed  boron  implants  caused  by  7*  tilt  of  VLSI  wafers 
during  Implantation. 

1  -  INTRODUCTION 

A  new  experimental  technique,  described  elsewhere  III,  has  enabled  high  resolution  measure¬ 
ments  of  two-dimensional  dopant  distributions  In  small  geometry  structures.  The  principle 
of  the  technique  consists  of  fabricating  Identical  planar  resistor  structures,  electrically 
Isolated  from  the  substrate  and  from  each  other,  and  then  monitoring  the  conductivity  changes 
as  thin  layers  of  different  geometries  are  removed  from  each  structure.  Mathematical  analysis 
shows  that  with  a  minimum  of  three  differently  sectioned  structures,  sufficient  data  Is 
obtained  to  reconstruct  the  original  conductivity  distribution,  and  hence  by  use  of  published 
mobility  data,  the  Ionised  dopant  distribution.  In  order  to  realise  this  technique 
experimentally,  four  essential  components  have  been  developed: 

(1)  A  test  chip  used  to  define  12  special  4-termlnal  resistor  structures.  The  resistors 

are  shown  in  Fig-1 ;  the  set  (C,  G,  K)  produce  the  minimum  data  set  required,  set  (D,  F,  L,  J) 
enable  the  effects  of  Implant  asymmetry  on  resistor  boundaries  to  be  measured,  resistor  edge 

(B,  H)  and  end  (A,  I)  effects  can  be  assessed  and  the  progress  of  the  anodisation  can  be 

monitored  (E). 

(2)  A  fabrication  sequence  produces  the  resistor  connections  and  windows.  The 

desired  Implant  and  anneal  Is  Incorporated  In  these  windows  and  the  starting  geometry 
for  sectioning  is  defined.  Schematic  sections  through  7  of  the  windows  used  to  obtain 
results  reported  later  In  the  paper  are  shown  In  Fig. 2.  One  resistor  ( K )  Is  retained  complete 
to  the  anodic  sectioning  stage,  and  yields  the  familiar  one-dimensional  dopant  profile 
representative  of  the  planar  portion  of  the  resistor.  All  other  resistors  have  the  planar 
portion  of  the  Implant  removed  by  plasma  etching.  Half  of  the  structures  then  have  the 
dielectric  mask  removed  (G,  L,  J):  In  (C,  D,  F)  It  Is  retained.  Since  the  Implantation  Is  not 
normal,  but  at  83*  to  the  silicon  surface,  along  the  line  A-A'  In  Flg.l,  resistors  close  to 

this  alignment  (C,  G)  will  have  symmetrically  implanted  edges,  whereas  those  nearly  at  right 

angles  (D,  F,  L,  J)  will  be  asynmetrlc.  The  processing  removes  one  resistor  edge  from  two 
structures  (0,  L),  and  the  other  edge  from  another  two  structures  (F,  J),  as  shown  In  Fig. 2., 
so  that  this  asymnetry  can  be  measured. 

(3)  A  computer-controlled  anodisation  cell  and  probe  card  allow  a  cyclic  anodisation  and 
etch  process  up  to  20  nm  thick  sequential  layers  from  the  resistor  structures.  Conductance 
measurements  are  made  on  each  structure  automatically.  The  Initial  and  final  topographies  are 
determined  by  Dektak  and  SEM  measurements. 

(4)  The  2D  conductivity  distribution  Is  determined  by  modelling  a  section  through  each 
resistor  as  a  finite  matrix  of  rectangular  elements.  The  topography  of  the  sequential  sections 
are  mapped  on  to  this  matrix,  and  different  conductances  assigned  to  each  matrix  element  until 
a  set  consistent  with  all  three  conductance  profiles  Is  found.  A  computer  minimisation 
procedure  Is  used  to  fit  the  conductance  data  to  a  2D  exponential  function  with  up  to  12  fit¬ 
ting  parameters. 

2  -  EXPERIMENTAL 

The  dielectric  layer  In  which  the  resistor  windows  were  cut  consisted  of  200nm.  of  thermally 
grown  S1(^  overlaid  first  by  lOOnm.  of  S13 H*  and  then  200  nm.  of  deposited  oxide.  Plasma¬ 
etching  to  halfway  through  the  bottom  oxide  layer,  followed  by  a  wet-etch  to  the  clear  windows 
resulted  In  a  mask  edge  shape  as  shown  In  Fig. 5.  Half  the  samples  were  then  Implanted  with 
2SS1  (lxlO1 5 ions/sq.cm,  at  70keV  +  2X1015  lons/sq.cm,  at  180  keV)  with  wafer  cooling,  to 
amorphlse  the  silicon  under  the  window  to  a  depth  of  200  nm.  All  samples  were  then  Implanted 
with  boron  (BxlO11*  lons/sq.cm.  at  40keV),  using  22*  rotation  and  7*  tilt  to  minimise  Ion  chan¬ 
neling  as  Illustrated  In  Flg.l.  A  matrix  of  transient  anneals  In  10*  0^  at  950*C  (2  to  300 
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seconds)  were  carried  out,  one  matrix  condition  per  slice.  After  defining  the  metallisation 
and  carrying  out  the  silicon  and  dielectric  layer  removal  stages  described  earlier,  the  start¬ 
ing  values  of  conductance  of  the  resistors  over  a  large  number  of  chips  were  measured.  These 
values  and  the  statistical  variation  about  them  are  summarised  In  Table  1.  Several  slices 
were  chosen  for  detailed  2D  analysis;  the  conductance  of  all  12  resistors  were  continuously 
monitored  as  10  or  20nm.  layers  were  anodlcally  and  sequentially  stripped  from  them. 

3  -  RESULTS  AND  DISCUSSION 

The  Initial  conductance  values  are  In  themselves  Informative.  (Table  1).  The  ID  resistor  (K) 
values  show  that  while  full  anneal  is  achieved  after  2  seconds  In  preamorphised  (PA)  samples, 
the  same  conductance  is  only  reached  In  crystalline  matrix  (CM)  samples  after  300  seconds 
anneal.  A  similar  comparison  of  the  time  -  dependence  of  conductance  of  resistors  C,  G,  D+F, 
L+J,  shows  suprlsingly  that  the  lateral  dopant  in  all  samples  Is  fully  activated  after  only  10 
seconds  anneal.  The  sum  of  conductances  of  the  left  and  right  hand  edges  of  the  asymmetric 
resistors  (D  +  F)  Is  close  to  that  of  the  two  symmetric  edges  measured  In  C,  but  the  ratio  D/F 
shows  that  there  Is  strong  asymmetry  where  the  Implant  Is  at  right  angles  to  the  mask  edge. 

The  excellent  control  of  the  overall  processing  is  shown  by  the  narrow  spread  of  data  about 
the  mean  values  (about  2%  for  structure  K,  about  8%  for  the  plasma  etched  structures)  corres¬ 
ponding  to  a  maximum  variation  In  the  etched  topograph  of  about  200  nm. 

An  example  of  the  differential  conductances  obtained  during  the  anodic  sectioning 
sequence  for  resistors  C,  G  and  K  Is  shown  In  Fig. 3.  The  evolution  of  topography  in  struc¬ 
tures  C  and  G  is  shown  In  Fig. 4.  Data  sets  such  as  these  were  input  to  the  computer  analysis 
programme  to  produced  the  best  fit  boron  distributions.  Full  conductance  data  sets,  and  sub¬ 
sequent  2D  boron  distributions,  have  been  obtained  for  slices  corresponding  to  rows  4  to  7  of 
Table  1.  The  left  hand  portion  of  Fig. 5  shows  the  best  fit  boron  distributions  for  the  two 
sides  of  the  asymmetric  resistors;  the  accompanying  table  summarises  the  lateral  spread 
values  for  symmetric  and  asymmetric  plus  the  vertical  penetration.  The  mask  topography  at  the 
Implant  stage  Is  also  shown,  to  the  same  scale,  and  it  can  be  seen  that  the  angle  of  the  ion 
beam  would  be  expected  to  produce  an  asymmetry  In  the  same  direction  as  Is  actually  measured. 
This  assymetry  in  every  case  corresponds  to  O.lQtO.Ol  microns  difference  in  lateral  spread 
between  the  left  and  right  hand  sides  of  the  resistor  windows.  The  PM  samples  show  no  sig¬ 
nificant  change  In  lateral  redistribution  between  2  and  30  seconds;  both  the  lateral  and 
vertical  spreads  of  the  300  second  CM  sample  are  considerably  greater. 

These  results  establish  (1)  the  reliability  and  high  resolution  (20nm.)  of  this 
novel  2D  measurement  technique,  (11)  the  value  of  preamorphlsatlon  for  low  temperature 
activation  of  boron  Implants,  (111)  the  strong  asymmetry  that  can  arise  from  angled  Implants 
defined  by  thick  masking  layers.  The  latter  result  has  strong  Implications  for  submicron  CMOS 
technology,  since  just  these  conditions  are  likely  to  be  obtained  in  source/drain  fabrication, 
where  these  structures  are  particularly  sensitive  to  lateral  doping  asymmetry. 
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TABLE  1  -  Mean  conductance  values  of  special  resistor  structures,  at  the  end  of  processing, 
from  measurements  over  140  chips.  All  resistors  are  16  microns  long;  K  is  8  microns  wide. 
Conductance  values  and  standard  deviations  are  in  microsiemens.  First  set  of  data  refers  to 
Implants  Into  crystalline  silicon,  second  set  to  Implants  Into  preamorphised  silicon. 
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Figure  1 
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Figure  2  Schematic  sections  through 
selected  resistor  structures 


Figure  3  Experimental  conductance-depth 
profiles  measured  during 
sequential  anodic  removals  of 
boron  Implanted  and  annealed 
silicon  layers  from  resistor 
structures  C,  G  ar.d  K 


Figure  4  Experimental  evolution  of 

surface  topography  after  anodic 
sectioning  of  structure  C  (solid 
lines)  and  structure  G  (broken 
lines).  The  positions  of  the 
masking  dielectric  edge  after 
implant  and  anneal  (1)  and  after 
substrate  plasma  etch  (2)  are 
shown 
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Penetration  distance  of  the 
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Figure  5  Experimentally  determined  2D  boron  concentration  contours  In  sections 
through  the  edge  of  asyrmtetrlcally  Implanted  and  annealed  resistor 
structures.  Concentration  represented  by  contours  In  lons/cc  are:- 
1,  1E19;  2,  8E18;  3,  6E81;  4,  4E18;  5,  2E18;  6,  1E18. 

a)  crystalline  matrix,  300  sec.  anneal 

b)  preamorphl sed  matrix,  30  sec.  anneal 

c)  preamorphlsed  matrix,  10  sec.  anneal 

d)  preamorphlsed  matrix,  2  sec.  anneal 
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MIGRATION  OF  FLUORINE  ATOMS  AND  INFLUENCE  ON  SHALLOW  P*  N  JUNCTION  IN  BF* 
IMPLANTED  SILICON  UNDER  RTA 

T.-Q.  ZHANG,  J.-L.  LIU  and  X.-Y.  YANG 

Microelectronics  Research  Institute,  xidian  University.  Xi'an.  China 


Abstract-The  migration  of  fluorine  atoms  in  BF*  implanted  silicon  under  RTA  has  been 
analysed  using  SIMS,  the  microstructural  defect  of  BF*  implanted  silicon  before  and 
after  RTA  has  been  observed  using  TFM,  and  the  reverse  leakage  current  of  BF*  implanted 
diodes  after  RTA  has  been  measured.  The  results  show  that  the  amorphous  layer  and  the 
damaged  crystalline  region  strongly  influence  fluorine  redistribution  during  RTA,  but 
the  anomalous  migration  of  fluorine  atoms  has  no  measurable  influence  on  the  electrical 
properties  of  shallow  P+N  junction. 


1-  INTRODUCTION 

Scaled-Down  VLSI  CMOS  circuits  require  shallow  source-drain  juctions  with  low  sheet  resistance. 
This  gives  rise  to  difficulty  especially  for  P+N  junctions  formed  by  B+  implantation,  because 
of  ion  channeling  effect  and  fast  boron  diffusion  during  anneal,  which  necessitates  high  tem¬ 
perature  to  obtain  sufficiently  high  activation.  To  solve  the  problems,  BF^  implantation  com¬ 
bined  with  rapid  thermal  annealing  (RTA)  technology  is  a  better  choice.  Several  works  have 
been  performed  on  this  subject  /l-7/,  but  the  migration  of  fluorine  atoms  during  RTA  and  it's 
influence  on  the  electrical  properties  of  BFg  implanted  silicon  shallow  P+N  junction  have  not 
been  previously  studied  in  detail.  In  this  paper  we  report  our  experimental  results  on  this 
project . 

2-  EXPERIMENT 

Single-crystal,  4-8n.cm,  N-type,  (100)  oriented  silicon  wafers  are  used  in  present  study. Bare 
silicons  used  for  SIMS  and  TIM  analysis  are  implanted  using  HF^  with  energy  of  45kev  and  doses 
of  lxlO14,  2x10^  and  5*10^cm~2.  P+N  diodes  with  area  of  lO^um^  are  made  using  BFg  implanta¬ 
tion  with  the  same  energy  and  doses.  All  the  wafers  are  oriented  7°  off  the  incident  beam 
direction  to  minimize  the  channeling  effect,  and  annealed  in  the  Heat-pulse  KST-1  type  tung¬ 
sten  halogen  lamp  heated  system.  The  annealing  temperature  of  RTA  ranges  from  900°C  to  1200° C 
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and  the  annealing  time  is  10  sec.  The  RTA  ig  carried  out  in  a  dry  atmosphere. 

The  migration  of  fluorine  atoms  in  BF^  implanted  silicon  after  RTA  is  analysed  using  SIMS 
(CAMECA  IMS  3F),  the  microstructural  defects  of  BFg  implanted  silicon  before  and  after  RTA 
are  observed  using  TIM  (PHILIPS  IM-430),  and  the  reverse  leakage  current  of  BFj  implanted 
diodes  after  RTA  is  measured  using  a  FJ-356  electrometer. 

3-  RESULTS  AND  DISCUSSIONS 

Fig.l  shows  fluorine  distribution  profiles  obtained  from  SIMS  measurements  for  BF*  implanted 

15  -2  ‘ 

samples  with  45kev  and  2x10  ^cm  before  and  after  RTA.  The  vertical  dashed  line  in  Fig.l 

respresents  the  interface  between  amorphous  and  crystalline  (a/c)  silicon  after  implantation. 

o 

The  thickness  of  the  continuous  amorphous  layer  obtained  from  TIM  measurements  is  about  600  A. 
After  RTA  at  900°C  for  10  sec,  the  peak  of  the  fluorine  distribution  profile  approachs  to  but 
is  slightly  less  than  the  implantation  peak. With  the  annealing  temperature  increasing,  the 
amount  of  fluorine  atoms  diffused  out  increases,  the  broadness  of  fluorine  distribution 
shrinks,  the  peak  concentration  of  fluorine  atoms  drops,  and  the  fluorine  concentration  peak 
moves  towards  a/c  interface  or  below  the  interface. 

Fig. 2  shows  fluorine  distribution  profiles  of  BFt  implanted  sample  with  45kev  and  5X10^'’  cm-2 

15  -2* 

before  and  after  RTA.  Since  a  doBe  of  5x10  ^cm  is  higher,  the  damage  of  Si  crystalline  is 
seriouser.  After  RTA  at  1100#C,  most  of  the  fluorine  atoms  still  remain  in  silicon.  The  shal¬ 
lower  peak  corresponds  to  the  implantation  peak.  The  deeper  peak  occurs  in  the  region  below  I 
which  is  heavily  damaged  but  not  amorphized  by  the  implantation.  It  can  also  be  seen  from 
Fig. 2  that  boron  atoms  at  the  second  peak  suggest  an  enhanced  diffusion  effect. 

Fig.  3  shows  fluorine  migration  of  BF*  implanted  sample  with  45Kev  and  IXlO^cm  2.  Since  a  dose 
14  ”2  ^ 

of  1X10  4  cm  is  well  below  the  critical  dose  needed  to  form  an  amorphous  layer  in  silicon, 
the  damage  of  Si  crystalline  is  not  serious.  As  a  result,  migration  of  fluorine  atoms  is  app¬ 
arently  due  to  a  simple  outdif fusion  process.  After  1100° C  annealing,  fluorine  atoms  are 
almost  diffused  out,  only  few  remain  below  the  surface. 

15  -2 

Fig. 4  shows  the  reverse  leakage  current  of  BFg  implanted  diodes  with  45kev  and  2X10  "’em 
after  RTA.  It  can  be  seen  that  the  reverse  leakage  current  annealed  at  1200°C  is  the  biggest, 
and  the  reverse  leakage  current  annealed  at  1050°C  is  the  least.  Comparing  with  Fig.l,  it  can 
be  considered  that  the  reverse  leakage  current  is  not  directly  related  to  fluorine  atoms  re¬ 
maining  in  silicon. 

4-  CONCLUSION 

The  amorphous  layer  and  damaged  crystalline  region  strongly  influence  fluorine  redistribution 
during  RTA.  Under  lower  dose  implantation,  the  damage  of  Si  crystalline  is  not  serious,  there¬ 
fore  fluorine  atoms  after  RTA  are  almost  diffused  out.  Under  higher  dose  implantation,  the 
damage  of  Si  crystalline  is  serious,  therefore  most  of  the  fluorine  atoms  after  RTA  are  re¬ 
mained  in  silicon.  But  they  have  no  measureble  influence  on  the  electrical  properties  of  sha¬ 
llow  P+N  junction. 
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Depth  (X) 

1C 

Fig. 1-Prof iles  of  fluorine  atoms  measured  by  SIMS  for  45^ev  and  2X10  3  cm  BF*  implanted  sam¬ 

ple  before  and  after  RTA.  A  dashed  line  (i)  represents  a/c  interface  after  implantation. 


iFig.2  —Profiles  of  fluorine  and  boron  atoms  measured  by  SIMS  for  45k«v  and  5*i0^cm  ^  BF* 
implanted  sample  before  and  after  RTA.  A  dashed  line  (i)  represents  a/c  interface  after  im¬ 
plantation. 
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Fig. 3-Profiles  of  fluorine  atoms  measured  by  SIMS  for  45Kev  and  IxlO^cm  ^  BF^  implanted  sam¬ 
ple  before  and  after  RTA. 


x  ^  _  p 

Fig. 4~  Reverse  I-V  characteristics  for  BFj  implanted  diodes  with  45kev  and  2x10  cm  after 
RTA. 

REFERENCES 

/ 1/  Kwor.R. ,  Kwong,  D.L.  and  Yeo,  Y.K.,  Appl.Phys.  Lett.  45  (1984)77* 

/2/  Lunnon,  M.E.,  Chen,  J.T.  and  Baker,  J.E.,  Appl.  Fhys.  Lett. 45(1984)  1056. 

/ 3/  Ozguz,  V.H.,  Wortman,  J.J.,  Hauser,  J.R.,  Simpson,  L.,  Littlejohn,  M.A.,  Chu,  W.K.  and 
Rozgonyi,  G.A.  Appl.  Hiys.  Lett.  45(1984)  1225. 

/ 4/  Tung,  N.C.,  J.Electrochem.  Soc.  132(1985)  914. 

/?/  Cohen,  S.S.,  Norton,  J.F.,  Koch,  E.F.  and  Weisel,  G.  J.,  J. Appl.Phys.  57(1985)  1200. 

/6/  Narayan,  J.,  Halland,  O.W.,  Christie,  W.H.  and  Wortman,  J.J.,  J.Appl.Fhys.  57(1985)2709. 
Ill  Mikoshiba,  H.  and  Abiko,  H.,  IEEE.  Electron.  Device.  Lett.  EDL~7(1986)  190. 


Session  5B  Room  B  t  CMOS  isolation 


JOURNAL  DE  PHYSIQUE 

Collogue  C4,  supplement  au  n°9,  Tome  49,  septembre  1988 


C4-525 


SCALLIN6  OF  TRENCH  CAPACITOR  CELL  FOR  NEXT  GENERATION  DRAMs 

H.-M.  M0HLHOFF,  C.M.  ROGERS,  P.  MURKIN,  M.  ELAHY  and  S.  ROHL 

Siemens  AG.  Corporate  Research  and  Technology.  Otto-Hahn-Ring  6, 
V-8000  M iinchen,  F.R.G. 


Abstract:  When  scaling  a  trench  capacitor  cell  developed  for 
the  4Mbit  DRAM  further  down,  both  process  and  device  limits 
are  encountered.  Device  related  topics  are  the  subject  of  this 
paper.  Issues  to  be  discussed  are:  (1)  narrow  width  effects  of 
pass  transistors,  (2)  short  channel  effects,  (3)  effect  of 
storage  region  on  pass  transistor,  (4)  isolation  between 
neighbouring  cells. 

Introduction:  A  4Mbit  DRAM  using  a  Trench  Cell  with  overlapping  Bit¬ 
line  contact  has  been  developed  and  is  now  being  sampled  to 
customers [ 1 ] .  Fig.  1  shows  a  layout  of  the  memory  cell  and  an  SEM  of  its 
cross-section.  Using  this  memory  cell,  a  chip  size  of  92mm2  has  been 
achieved.  In  order  to  increase  speed,  reduce  chips  size  or  to  possibly 
use  this  concept  for  the  next  generation  DRAM,  further  scaling  is 
required.  Reducing  the  width  of  the  active  area  increases  the  doping 
level  in  the  transistor  due  to  outdif fusion  from  the  field  region.  This 
raises  the  threshold  voltage  and  enhances  degradation  after  hot 
electron  stress  due  to  higher  field  peaks  at  the  channel  borders. 
Shrinking  transistor  gate  length  degrades  short  channel  behaviour  and 
also  aggravates  the  hot  electron  problem.  Moving  the  cell  plate  too 
close  to  the  pass  transistor  can  either  cause  the  highly  doped  varactor 
region  to  diffuse  into  the  channel  region  decreasing  the  effective 
channel  length  and  thus  lowering  VT,  or  in  order  to  avoid  this  problem 
the  storage  cell  may  no  longer  be  properly  connected  to  the  pass 
transistor.  The  isolation  between  trenches  can  be  maintained  with 
shrinking  trench-trench  distance  by  increasing  the  substrate  doping  [2]. 
However,  moving  the  trenches  closer  together  also  decreases  the  distance 
between  trench  and  field  isolation  which  can  be  attacked  during  the 
trench  etch  process . 

The  following  sections  are  devoted  to  these  problems  and  the  minimum 
design  rules  are  discussed.  The  actual  design  rules  are  obtained  using 
these  parameters  and  also  taking  the  registration  tolerance  of  the 
stepper  and  other  process  tolerances  into  account. 

Narrow  Width  Effects:  The  increase  of  threshold  voltage  with 
decreasing  transistor  width  is  shown  in  Fig. 2.  Due  to  the  already  very 
high  p-well  doping  (4xl016cm‘3)  in  comparison  to  the  channel  stop  implant 
(1017cm'3)  the  narrow  channel  effect  is  not  very  pronounced  at  widths  down 
to  0.7um.  Because  of  the  higher  doping  at  the  channel  borders,  the  pn- 
junction  of  the  LDD  region  is  more  abrupt  giving  rise  to  higher  field 
peaks.  Therefore  the  narrow  transistor  degrades  faster  after  hot 
electron  stress  as  is  evident  from  Fig. 3.  This  problem  is  likely  to  get 
worse  for  even  shorter  and  narrower  transistors. 

Short  Channel  Effects:  In  order  to  increase  speed  and  save  space, 
thinner  gate  oxide  and  shorter  gate  length  will  be  employed.  Fig. 4 
demonstrates  the  improved  short  channel  behaviour  when  18nm  thick  gate 
oxide  is  used  instead  of  20nm.  A  0.9um  transistor  with  18nm  thick  gate 
oxide  has  identical  VT  and  dVT/dL  as  a  l.Oum  transistor  with  20nm  thick 
gate  oxide.  A  thinner  gate  oxide,  however,  causes  a  higher  field  peak 
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and  enhances  the  generation  of  hot  electrons  under  stress  conditions. 
Degradation  of  transistors  with  ISnm  gate  oxide  is  worse  than  of 
transistors  with  20nm  thick  gate  oxide  and  identical  drain  structures. 
Lifetimes  for  10%  degradation  of  current  in  the  linear  operating  regime 
are  plotted  in  Fig. 5  as  function  of  gate  lengths.  Stress  conditions  were 
Vds=8V,  Vgs=3V  and  Vds=-2.5V.  Lifetimes  for  transistors  with  t0I=18nm  are 
a  factor  of  5  lower  than  for  transistors  with  tOI=20nm.  Optimizing  the 
drain  structure,  however,  improves  degradation  and  the  disadvantage  of 
thinner  gate  oxide  can  be  eliminated  by  using  a  higher  LDD  dose 
(4xl013cm2  instead  of  2xl013cm'2  )  at  a  lower  implantation  energy  (40keV 
instead  of  60keV). 

Effect  of  Storage  Region  on  Pass  Transistor t  When  decreasing  the 
distance  between  trench  capacitor  and  pass  transistor,  the  outdiffusion 
of  the  highly  doped  varactor  into  the  channel  region  of  the  transistor 
has  to  be  avoided.  At  the  present  generation  of  4Mbit  DRAMs,  a  separate 
As-varactor  implant  is  used  to  dope  the  planar  part  of  the  storage 
capacitor  and  to  connect  the  transistor  to  the  storage  region.  Fig. 6 
shows  a  cross-section  where  a  is  the  overlap  of  the  varactor  implant  and 
the  cell  plate  and  b  the  distance  to  the  transfer  gate.  The  dependence 
of  VT  on  b  is  plotted  in  Fig.  7.  It  shows  that  no  overlap  between 
transfer  gate  and  varactor  can  be  tolerated.  Otherwise  the  effective 
channel  length  is  reduced  and  the  pass  transistor  cannot  be  turned  off 
properly.  Data  obtained  to  analyze  the  problem  of  sufficient  overlap 
between  cell  plate  and  varactor  is  shown  in  Fig. 8.  Due  to  lateral 
diffusion  of  the  varactor  as  well  as  lateral  diffusion  of  the  LDD  region 
a  negative  overlap  of  150nm  can  be  allowed.  The  numbers  obtained  for 
distance  between  varactor  and  transfer  gate  and  overlap  over  cell  plate 
are  worst  case  and  cannot  be  exceeded  under  the  maximum  misalignment 
condition.  Fig. 9  shows  the  misalignment  extracted  from  electrical 
measurements  on  symmetrical  test  structures.  Further  scaling  can  be 
achieved  by  omitting  the  varactor  implant  and  using  the  lateral 
diffusion  of  the  LDD  implant  as  contact. 


Isolation:  In  the  trench  capacitor  cell,  leakage  due  to  punchthrough 
between  adjacent  trenches  is  a  serious  problem.  However,  previous 
results  [2]  show  that  at  present  p-well  doping  levels  1 . 5um  separation 
can  be  realized.  To  improve  the  isolation  further,  a  higher  p-well 
concentration  is  used.  The  effect  on  the  transistor  VT  is  compensated  by 
thinner  gate  oxide  thickness .  The  reduced  trench-trench  spacing  is 
accomplished  by  decreasing  the  distance  between  trench  edge  and  LOCOS. 
This  causes  some  attack  on  the  field  oxide  during  the  etching  of  the 
trench.  Fig. 10  shows  a  sketch  of  the  worst  case  situation.  For  0.9um 
LOCOS  isolation  problems  arise,  however,  it  is  not  a  problem  at  1 .  lum 
(Fig. 11).  Further  scaling  of  cell  size  requires  either  a  reduction  of 
field  isolation  or  a  trench  overlapping  LOCOS. 


Conclusion:  Several  issues  affecting  scaling  of  the  trench  capacitor 
cell  have  been  illustrated.  At  this  stage,  it  appears  possible  to 
develop  a  4Mbit  DRAM  with  an  area  of  less  than  70mm2  using  optical 
lithography.  Because  of  the  many  layers  using  minimum  linewidth, 
achieving  minimum  registration  tolerances  is  as  important  as  achieving 
minimum  linewidth.  Lsing  this  concept  for  16Mbit  DRAM  requires  a  process 
in  which  field  isolation  overlaps  the  trench  or  in  which  the  trench  is 
self  aligned  to  the  isolation.  Also  transistors  with  gate  length  and 
width  of  0.6um  will  be  required. 

1  K.H.  Kiisters  et  al, 

VLSI  Techn.  Symp.,  p.93  (1987) 

2  P.A.  Murkin  et  al, 

Proc.  ESSDERC,  p.761  (1987) 
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Fig.l  Cell  layout  and  SEM  of 
cross-section  of  4Mbit  DRAM  cell. 
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12s  Isolation  between  neighbouring  cells 
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Fig. 2  Dependence  of  Vt  of  Fig. 3  Enhanced  Degradation  of  narrow  width 

transfer  gate  on  width.  transistor. 
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Improvement  of  SHortchonnel  Behovtour 


Ufettme  of  MMOS  Translator 


Fig. 4  Short  channel  behaviour  of 
transistors  with  tox  =  20nm  and  tQX  =  18nm. 


Fig. 5  Lifetime  after  hot  electron  stress 
of  transistor  with  ta„=20nm  and 
t«18nm. 
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Vt  of  Tronefer  Got* 


Fig. 6  Cross-section  of  region  between 
cell  plate  and  transfer  gate.  n+ 
is  varactor. 


Contact  to  Storage  Capaclt or 


Fig. 8  Contact  to  storage  capacitor 
versus  overlap  of  varactor . 


Fig. 7  Deterioration  of  transfer 
transistor  with  overlapping 
varactor  implant. 


Misalignment 

Cm*  **•  (Trmtfr  Orta)  M 


Fig. 9  Misalignment  of  varactor  to 
cell  plate  and  transfer  gate. 


Trench -Trench  Leakoge 


Fla. 10  Worst  case  etch  of  FOX 
during  trench  etch  process. 


Fig. 11  Dependence  of  trench  leakage 
on  length  of  LOCOS  isolation. 
Vplate=2 . 5V,  Vbs=-2.5V,  Vtr-tr=5V. 
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CMOS  1  MICRON  ISOLATION  TECHNOLOGY  USING  INTERFACE  SEALING  BY  PLASMA 
NITRIDATION  :  PLASMA  SILO 


P.  DELPECH,  B.  VUILLERMOZ,  M.  BERENGUER,  A. STRABONI  and  T.  TERNISIEN 

CNET  Centre  National  d' Etudes  des  Telecommunications ,  Chemin  du  Vieux 
Chine ,  BP  98,  F- 38243  Mey lan  Cedex,  France 


RESUME  -  Nous  avons  6valu6  1 ’ apport  de  la  technique  d ' isolation  par 
SILO  PLASMA  dans  une  f  ilifere  CMOS  1  pm  par  comparaison  &  un 
isolement  par  LOCOS  classique.  Le  SILO  PLASMA  permet  de  rSduire  de 
0.4  pm  les  pertes  li&es  au  LOCOS,  ainsi  que  l'effet  de  canal  6troit, 
tout  en  conservant  les  principales  caract&ristiques  61ectriques  de 
cette  technique  (courant  sous  le  seuil,  integrity  de  l'oxyde  grille, 
etc,  ) 

ABSTRACT  -  The  improvement  of  a  1  pm  CMOS  process  using  PLASMA  SILO 
as  an  Isolation  technique  has  been  evaluated  by  comparison  with  a 
classical  LOCOS.  The  PLASMA  SILO  provides  a  reduction  of  0.4  pm  in 
the  channel  width  loss,  and  a  gain  on  the  narrow  channel  effect.  The 
other  electrical  characteristics  are  maintained  (subthreshold 
characteristics,  gate  oxide  integrity,  etc,  ) 


INTRODUCTION 


For  submicron  design  rules,  new 
approaches  have  to  be  proposed 
for  better  control  of  lateral 
isolation.  In  order  to  avoid 
LOCOS  limitations  (i.e.  Bird's 
Beak  and  lateral  diffusion  of 
channel  stop  implant)  SILO  has 
already  been  proposed  [1].  In 
this  paper  we  report  an 
evaluation  of  the  PLASMA  SILO 
technique  in  a  1  micron  CMOS 
process.  This  isolation  technique 
uses  a  plasma  sealed  interface 
with  few  modifications  in  the 
standard  LOCOS  procedure;  this 
constitutes  a  significant 

advantage  for  a  rapid 

introduction  into  an  industrial 
technology. 


Application  of  plasma  nitridation 
to  the  SILO  [2]  presents  the  main 
advantage  to  realise  a  very 
effective  and  reproducible 
barrier  against  lateral 
oxidation,  by  avoiding  native 
oxide  present  between  Silicon  and 
deposited  Si3N4.  In  addition,  it 


is  possible  with  this  technique 
to  grow  the  field  oxide  at  a 
lower  temperature,  which  reduces 
the  dopant  diffusion  while 
keeping  a  short  Bird's  Beak 
value. 

EXPERIMENTAL  PROCEDURE 

The  sealing  nitridation  is 
achieved  in  a  13.56  MHz  plasma 
with  external  capacitive 

coupling.  The  set  up  allows  batch 
treatment  and  is  now  available  as 
a  production  machine  [3].  4  to  5 
nm  thick  Silicon  Nitride  is  grown 
at  950,’C  in  an  ammonia  flow  at  a 
pressure  of  3.E-2  mBar(hPa) 
during  6  hours  with  a  power  of 
800  W.  These  very  thin  layers 
were  able  to  resist  the  severe 
oxidizing  conditions  ( steam  at 
980*C)  used  to  grow  a  400  nm 
oxide  on  bare  (100)  Silicon.  In 
the  SILO  process,  the  standard 
pad  oxide  (25  nm)  /  Si3N4  (90  nm) 
LOCOS  mask  is  used  over  the 
sealing  film,  except  that  the 
thermal  pad  oxide  is  replaced  by 
an  LPCVD  oxide. 
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RESULTS  AND  DISCUSSION 

The  Figure  1  shows  the  morphology 
of  the  resulting  field  oxides 
(700  nm)  after  steam  oxidation  at 
980°C  for  the  PLASMA  SILO  (a)  and 
at  1050'C  (reduced  Bird's  Beak) 
for  the  conventionnel  LOCOS  { b ) . 
The  bird's  beak  length  to  oxide 
thickness  ratio  ( LgB  /  Tox )  is 
0.45  for  the  former  as  compared 
to  0.70  for  the  latter,  as 
measured  before  mask  removing. 


a  )  PLASMA  SILO  BEFORE  NASA  REMOVING 


b  )  STANDARD  LOCOS  AFTER  MASK  REMOVING 


FlO  .  1  .  SEM  MICROGRAPHS  OF  BIRD  '  S  BEAR  ERTENSI0N 


We  have  compared  electrical 
characteristics  of  devices 
fabricated  with  both  PLASMA  SILO 
and  optimised  LOCOS  ( Field  oxide 
LOCOS:  700  nm). 

The  main  result  is  the  reduction 
in  the  loss  of  channel  width 
DELTAW  -  Wmasjt  -  Wef f  by  0.4  pm, 
from  1.1  for  optimised  LOCOS  to 
0.7  pm  for  PLASMA  SILO,  with 
slight  variation  between  N  and  P 
type  (channel  stop  implanted  NMOS 
side  only ) . 

The  narrow  channel  effect  is 
substantially  reduced  as  seen  in 


Fig  2,  mainly  due  to  the  decrease 
in  DELTAW.  Thus,  a  transistor 
with  a  0.5  pm  effective  width 
(1.2  pm  designed  width)  is  well 
controlled. 


800  j  • 


Mask  Widih  (urn) 


Fid  .  2  .  narrow  channel  effect 

COMPARISON  SILO/LOCOS 

SILO  PMOS  (  1  )  SILO  NMOS  (  2  ) 

LOCOS  PMOS  (  3  )  LOCOS  NMOS  (  4  ) 

A  statistical  analysis  performed 
over  400  devices,  shows  (Figure 
3)  that  the  narrow  channel  effect 
is  very  weak,  even  for  an 
effective  width  as  low  as  0.2  pm. 

o _ 


| 


0  08  16 


Effective  Widlh  (um) 

Fid  .  3  .  NARROW  CHANNEL  EFFECT  SILO  PMOS 


The  subthreshold  characteristics 
as  measured  on  P-channel 
transistors  ,  with  L-1.6  pm  and  W 
between  3 . 2  and  1.2  pm  are  shown 
in  Figure  4  for  SILO  and  LOCOS 
respectively  at  Vd--7  Volt.  These 
curves  show  similar 
characteristics  and  in 
particular,  no  additional  leakage 
current  for  the  SILO  process.  The 
same  behaviour  is  found  for  N- 
channel  transistors. 
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Moreover,  no  kink  appears  showing 
the  absence  of  parasitic  sidewall 
transistors. 


Log  Id  (A) 


Log  Id  (A) 


FlO  .  4  .  SUB  THRESHOLD  CHARACTERISTICS  Or  PMOS 
TRANSISTORS  a)  SILO  b)  LOCOS,  V0«-7  VOLT 

L-1.6  UM,  W-3.2  |1H  (curve  1),  W”2.4  UH 
(  CURVE  2  )  ,  W-1.6  UH  (  CURVE  3  )  , 

W-1.2  |1H  (CURVE  4) 


Junction  leakage  measurements 
were  performed  on  diodes 
which  exhibit  different 
area(A)/perimeter(P)  ratios  : 
finger- type  diodes  with  A-2.6E-4 
cm^  and  p-1.7  cm,  and 
rectangular- type  diodes  with 
A-6.8E-4  cm2  an<j  p„o.l  cm.  The 
values  of  the  perimeter  leakage 
current  at  ±  5  V  are  reported  in 
Table  I.  For  the  SILO  process,  an 
Insignificant  increase  in  the 
leakage  value  can  be  noticed. 


Table  I .  perimeter  leakage  current  Ir  at  ±5  v 

FOR  SILO  AND  LOCOS  PROCESSES 

AND  THE  TWO  TYPES  OP  DIODES  N+/p  AND  P+  / N 


ISOLATION 

PROCESS 

Ir  (p 

N+/P 

V/cm) 

P+/N 

SILO 

21.4 

18.8 

LOCOS 

16.2 

16.3 

SEM  observations  on  SIRTL  etched 
samples  oxidized  at  980 °C  confirm 
the  absence  of  crystalline 
defects  at  the  boarder  of  the 
devices.  This  was,  however,  not 
the  case  on  samples  oxidized  at 
920'C,  i.e. below  the  viscous  flow 
transition  temperature. 

The  SILO  technique  allows  the 
same  field  threshold  voltage 
| VTF|  as  the  LOCOS,  for  N  and  P 
type,  from  17  V  for  a  2.4  pm 
isolation  spacing  to  13  V  for  1.2 
pm  spacing.  The  id(Vg) 

characteristics  of  a  field 
transistor  are  shown  in  Fig. 5  for 
Vd-1  et  5  V.  The  leakage  current 
is  less  than  1  pA/pm  for  both 
types  of  field  transistors. 


Log  Id  (A) 


Flo .  5  .  SUDTHRESHOLD  CHARACTERISTICS  OF  A  NNOS 
FIELD  TRANSISTOR  Vd"  IV  (  1  ) 

and  5  V  (2)(W-1000,L-2  «m) 
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The  effect  of  PLASMA  SILO  on  the 
thin  oxide  gate  integrity  (25  run) 
has  been  evaluated  on  capacitors 
with  polycide  gate.  The  defect 
density  is  not  affected  by  such  a 
technology,  indicating  that  the 
mask  has  been  efficiently 
removed . 


CONCLUSION 

We  have  presented  an  evaluation 
of  the  PLASMA  SILO  isolation 
which  provides  a  significant  gain 
in  both  the  width  loss  and  the 
narrow  channel  effect  by 
comparison  with  the  classical 
LOCOS,  while  the  main  electrical 
characteristics  are  preserved. 
Due  to  its  simplicity  (no 
additional  masking  level )  this 
technology  seems  promising  for 
submicrometer  processes  . 
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Abstract  A  high  density  trench  Isolated  CMOS  process  has  been  developed. 

Circuit  designs  have  been  Initially  fabricated  at  l^m  dimensions.  Excellent 
device  performance  Is  demonstrated  at  channel  lengths  of  0.7|jm  and  channel  widths 
of  0.2nm  showing  the  potential  for  fabricating  circuits  with  0. 7|im  and  0.5|im 
design  rules. 


INTRODUCTION 

In  order  to  achieve  a  high  density  CMOS  process  a  trench  Isolation  technique  with  both  n+ 
and  p+  diffusions  abutted  directly  to  the  trench  wall  has  been  developed.  The  process  has 
been  Initially  developed  with  lym  dimensions.  The  trench  width,  gate  length,  contact  size, 
via  size  and  metal  spacing  all  being  l|im.  Trench  technology  however  allows  the  design 
rules  to  be  easily  scaled  down  to  0.5(jm  dimensions.  The  excellent  performance  of  0.7pm 
devices  are  demonstrated  In  this  paper.  By  adopting  trench  Isolation  a  packing  density 
improvement  greater  than  two  was  achieved  over  a  lixn  LOCOS  Isolated  process  giving  a  pack¬ 
ing  density  of  approximately  4000  gates/mm2.  At  0.7pm  geometries  the  packing  density 
Increases  to  8000  gates/mm2.  An  Improvement  of  a  factor  of  two  can  also  be  achieved  In 
performance  since  the  Improved  packing  density  results  In  a  large  increase  In  speed  due  to 
reduced  track  capacitance. 

Process  Schedule 


Flg.l  shows  a  schematic  cross-section  of  the  process  after  one  layer  of  metal.  The  process 
Is  fabricated  on  p/p+  epitaxial  material  In  order  to  eliminate  latch-up.  A  1pm  wide  and 
2pm  deep  trench  Is  used  to  Isolate  the  devices.  The  trench  Is  etched  using  an  oxide/ 
nitride/oxide  mask.  This  ensures  that  the  nitride  over  the  active  area  Is  self  aligned  to 
the  edge  of  the  trench.  The  trench  walls  are  passivated  with  layers  of  oxide  and  nitride 
and  the  trench  filled  with  poly-SI  by  depositing  a  thick  conformal  layer  followed  by  an 
etch-back.  An  active  area  mask  Is  used  to  remove  the  nitride  from  the  field  regions  prior 
to  growing  the  field  oxide  and  the  trench  capping  oxide.  The  trench  sidewall  nitride 
prevents  the  encroachment  of  the  capping  oxide  Into  the  active  area.  This  maintains  a  low 
value  for  delta  W  and  also  ensures  that  the  source/drains  abut  directly  to  the  trench  side- 
wall. 

The  twin  wells  are  formed  by  high  energy  P+  and  B+  Implants  followed  by  a  high  temperature 
drive-in.  The  well  profiles  suppress  the  trench  sidewall  parasltlcs  and  also  produce  high 
punchthrough  voltages  for  both  nmos  and  pmos  devices. 

A  thin  .gate  oxide  (200A)  Is  used  to  Improve  the  drive  current  capability.  The  poly-SI  gate 
Is  etched  undoped  to  allow  the  formation  of  both  n+  and  p+  poly-SI.  This  allows  the 
threshold  voltage  of  both  nmos  and  pmos  devices  to  be  optimized  without  the  need  for 
threshold  adjust  Implants.  The  p+  poly-SI  also  ensures  that  the  pmos  device  has  a  surface 
channel  and  therefore  Is  controlled  more  effectively  by  the  gate. 

A  deposited  oxide  sidewall  spacer  Is  formed  on  the  side  of  the  poly-SI  gate.  This  allows 
the  electrical  channel  length  to  be  maintained  close  to  the  gate  length.  It  also  allows  a 
self  aligned  titanium  slllclde  process  to  be  Incorporated.  A  doubly  diffused  n+  source/ 
drain  using  phosphorus  only  was  used  In  order  to  minimize  hot  electron  effects. 


C4-534 


JOURNAL  DE  PHYSIQUE 


A  combination  of  low  temperature  oxide  and  spln-on-glass  Is  used  to  planarlse  the  wafers 
prior  to  metallisation.  Two  layers  of  metal  are  used  at  three  micron  pitch  with  polylmlde 
used  to  planarlse  and  Isolate  the  metal  tracks. 

Device  Results 


The  latch-up  performance  of  the  process  was  measured  for  a  range  of  epitaxial  thicknesses 
and  resistivities  (fig. 2).  The  holding  voltages  were  found  to  be  considerably  greater  than 
the  supply  voltage. 

One  of  the  main  concerns  of  a  trench  process  Is  the  existence  of  MOS  parasltlcs  along  the 
trench  wall.  The  poly-SI  within  the  trench  acting  as  the  parasitic  gate.  Fig. 3  Illus¬ 
trates  the  current  paths  of  the  lateral  and  vertical  trench  parasltlcs. 

The  behaviour  of  the  trench  parasltlcs  Is  assesed  by  making  contact  to  the  poly-SI  within 
the  trench.  This  allows  the  subthreshold  characteristics  of  the  four  parasltlcs  to  be 
measured.  The  results  are  shown  In  fig. 4.  Due  to  the  well  architecture  used  the  threshold 
voltage  of  both  nmos  and  pmos  parasltlcs  are  maintained  above  10  volt.  The  behaviour  of 
the  trench  parasltlcs  has  been  assesed  at  elevated  temperatures.  Fig. 5  shows  the  change  In 
the  trench  potential  (measured  at  InA/pm  and  lOnA/edge)  as  a  function  of  temperature.  Even 
at  150*C  the  trench  potentials  are  considerably  higher  than  the  supply  voltage. 

The  performance  of  the  nmos  and  pmos  devices  are  summarised  in  table  1.  The  threshold 
voltages  are  optimised  by  making  use  of  both  n-  and  p-type  poly-SI.  This  means  that  a  high 
n-well  and  p-well  dopant  concentration  profile  (5E16cnr*)  can  be  used  which  maintains  a 
high  punchthrough  voltage  for  the  nmos  and  pmos  device  down  to  an  Leff  of  0.5pm.  Fig. 6 
shows  how  the  threshold  voltage  Is  controlled  down  to  an  Leff  of  0.5pm.  The  figure  also 
shows  the  change  in  threshold  voltage  with  electrical  width.  Good  control  Is  maintained 
down  to  Weff  of  0.2pm.  The  threshold  voltage  Increases  rapidly  below  0.2pm  due  to  the 
small  birds  beak  that  exists  between  the  trench  sidewall  oxide  and  the  active  area.  This 
Increase  In  threshold  voltage  Is  accelerated  for  the  pmos  device  due  to  the  accumulation  of 
negative  charge  at  the  sidewall  oxIde/SI  Interface. 

The  drain  breakdown  values  of  the  nmos  and  pmos  device  are  shown  In  table  1.  The  nmos 
drain  breakdown  Is  due  to  parasitic  bipolar  behaviour  while  the  pmos  drain  breakdown  Is  a 
result  of  junction  breakdown.  The  IV  characteristics  of  nmos  and  pmos  devices  are  shown  in 
fig. 7.  The  bipolar  parasitic  Is  evident  In  the  saturation  curves  of  the  10/0.7  nmos  device 
at  voltages  above  7  volts.  The  very  narrow  width  devices  (Weff=0.3pm)  shows  the  ease  with 
which  the  device  width  can  be  scaled  using  trench  technology. 

An  Important  consideration  In  the  performance  of  a  sub-micron  CMOS  process  Is  the  degreda- 
tion  of  the  nmos  device  due  to  hot  electron  Injection  Into  the  gate  oxide.  This  can  be 
reduced  by  minimising  the  electric  field  between  the  drain  and  well.  The  effectiveness  of 
the  DDD  (doubly  diffused  drain)  structure  in  reducing  hot  electron  Injection  can  be 
monitored  by  measuring  the  substrate  current.  Fig. 8  shows  how  the  substrate  current  varies 
with  Leff.  At  an  Leff  of  0.7pm  the  substrate  current  Is  less  than  luA/pm  width  which 
correlates  to  a  projected  lifetime  of  greater  than  10  years  (delta  Vt  ■  lOmV). 

Finally  the  performance  of  the  process  was  assesed  by  fabricating  49  stage  ring  oscilla¬ 
tors.  The  delay  time  was  measured  as  a  function  of  supply  voltage  for  an  unloaded  Inverter 
chain  and  for  a  loaded  NANO  chain  (loaded  with  three  gates).  The  results  are  shown  In 
fig. 9.  A  best  stage  delay  time  of  120  psec  was  measured  for  the  unloaded  Inverter  chain 
(Leff*0.9pm)  . 

To  conclude,  a  trench  Isolated  process  offers  an  excellent  Improvement  In  packing  density 
as  well  as  providing  good  circuit  performance.  The  process  also  allows  circuit  designs  to 
be  easily  scaled  from  the  present  designs  at  1pm  down  to  0.5pm  dimensions. 
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Fig.  1  CROSS-SECTION  OF  THE  PROCESS  AFTER  1  LAYER  OF  METAL 


Trench  Polysiltcon 
Surrounds  the 


Fig.  2  LATCH-UP  PARAMETERS  AS  A  FUNCTION  OF  EPITAXIAL 
THICKNESS 


Fig.  3  SCHEMATIC  SHOWING  THE  CURRENT  PATHS  OF  THE  TRENCH 
PARASSTICS 
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ON  TEMPERATURE 


Fig.  ♦  SUBTHRESHOLD  CHARACTERISTICS  OF  THE  FOUR  TRENCH 
PARASmCS 
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Vt(V) 

BETAOO 

Drive  Currant  (W  =  10  um) 
SUBVTS  (mv/dec) 

Off  -  state  Leakage 
Drain  Breakdown  (Leff  =  0.7) 
Delta  L  (4m) 

Source/Drain  Sheet  Res. 


Table  1 

NMOS  PMOS 

07  -0.65 

85nA/V2  -  23uA/V2 

3.0  mA  -1.8  mA 

95  87 

<1E-13A/um  <1E-13A/um 

7  V  -8V 

01  0.1 

4fl/sq.  4Q/sq. 


Fig.  6  DEPENDENCE  OF  THE  THRESHOLD  VOLTA*- 
ON  Leif  AND  Welt 


Fig.  7  IV  CHARACTERISTICS  OF  NMOS  AND  PMOS  DEVICES 


fig.  8  DEPENDENCE  OF  SUBSTRATE  CURRENT  ON  Leff  Fig.  9  RING  OSCILLATOR  STAGE  DELAY  AS  A  FUNCTION  OF 

SUPPLY  VOLTAGE  (  Left  -  0.9)im) 
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Abstract  -  This  paper  discusses  the  fabrication  of  trench  Isolated  CMOS  using 
different  filling  materials.  Preliminary  studies  of  dielectric  films  have  been 
compared  with  polysllicon  for  trench-filling  ease;  resistance  of  trench  material 
to  subsequent  erosion,  thermal  stability,  stress  generation  and  parasitic  transis¬ 
tor  supresslon.  Polysllicon  filling  Is  less  sensitive  to  trench  shape  for  ease  of 
processing  well-filled  trenches.  Corner  effects  seen  with  oxide-filled  trenches 
(similar  to  those  seen  on  SOI)  can  be  eliminated  using  the  polysllicon  filling 
technique  and  processing  modifications  can  be  made  to  totally  supress  parasitic 
sidewall  devices.  The  additional  use  of  polysllicon  as  resistors  or  capacitors 
makes  it  the  most  favoured  technique. 


1  -  INTRODUCTION 

In  order  to  increase  the  packing  density  of  sub-micron  CMOS  Integrated  circuits  an  isola¬ 
tion  technique  superior  to  the  conventional  LOCOS  approach  is  required.  A  trench  Isolated 
CMOS  process  offers  the  advantages  of  considerable  reduction  in  minimum  n+  to  p+  spacing 
together  with  Improved  electrical  performance.  This  paper  discusses  the  fabrication  of 
trench  isolated  CMOS  using  different  filling  materials.  Polysllicon,  which  Is  currently 
the  most  frequently  used  trench  filling,  has  been  extensively  characterised.  Oxide,  with 
Its  lower  parasitic  capacitance,  may  have  advantages  over  polysllicon  for  sub-micron  CMOS 
and  preliminary  studies  of  several  dielectric  trench  filling  techniques  are  Investigated. 

Properties  of  a  successful  trench  Isolation  technique  are  considered  to  be:  ease  of  filling 
trenches;  resistance  of  trench  material  to  erosion  during  subsequent  wet  chemical  etches; 
chemical  stability  of  filling  during  additional  high  temperature  treatments;  low  stress  In 
the  surrounding  silicon  substrate  (doped  oxides  vrfilch  flow  more  easily  Induce  less  stress 
than  undoped  oxides);  vertical  and  lateral  parasitic  transistor  suppression. 

2  -  TRENCH  FILLING  MATERIALS 


2.1  Dielectric 


Thermal  Oxide.  To  prevent  dimensional  Increase,  a  sacrificial  polysllicon  layer  was 
deposited  In  trenches  following  the  growth  of  a  sidewall  oxide  (1500a).  After  polysilicon 
oxidation, the  effects  of  severe  stress  were  seen  In  silicon  regions  near  trenches  with 
defect  densities  as  high  as  106/cm2. 

Spin-On  Glass.  Up  to  three  layers  of  glass  were  spun  on  to  wafers  with  etched  trenches. 
Denslflcatlon  In  N2  took  place  after  deposition  of  each  layer.  The  technique  showed 
excessive  cracking  of  the  oxide  between  layers  and  at  oxide-silicon  Interfaces. 

Low  Pressure  CVD  Oxide.  Films  showed  trench  coverage  to  be  no  better  than  20*  of  top 
thickness  after  high  temperature  reflow  (1000*0  In  steam.  Voids  were  present  which  were 
opened  by  subsequent  etches. 
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Plasma  CVO  Oxides.  Poor  step  coverage  was  also  seen  with  plasma  deposited  and  low  pressure 
plasma  enhanced  CVD  oxide  films.  Post-deposition  reflow  anneal  (800  -  950*0  In  steam 
improved  trench  filling  but  films  became  unstable  during  a  subsequent  high  temperature  U2- 
anneal  with  large.  Irregular  voids  appearing  In  the  trench  oxide. 

Atmospheric  Pressure  CVD  Oxide.  Better  filling  was  seen  with  atmospheric  pressure  CVD 
oxide:  sidewall  to  top  coverage  being  around  50%  (Flg.l).  Films  were  of  sufficient  thick¬ 
ness  to  close  off  trenches  up  to  1.5pm  wide  but  elongated  voids  remained  In  trenches  as  a 
result  of  oxide  cusping  over  top  corners  of  trenches.  BSG  (3.5  or  4.5  wt%)  and  BPSG 
(3.5/3. 5,  4.0/1. 5,  4.5/1. 5,  2. 5/1. 5  wt%)  films  were  evaluated  using  post-deposition  re-flow 
conditions  of  1000  -  1100*C  In  N2.  All  films  flowed  sufficiently  between  these  tempera¬ 
tures.  After  reflow,  voids  either  disappeared  or  became  buried  deeply  enough  to  avoid 
being  opened  up  on  etch-back.  Film  surfaces  became  smooth  after  reflow  but  variations  in 
oxide  thickness  between  field  regions  and  areas  with  dense  trench  patterning  made  the  etch- 
back  stage  more  complex  (Fig. 2).  Where  processing  could  not  compensate  for  regional  thick¬ 
ness  variations,  poor  filling  of  trenches  resulted;  this  showed  up  electrically  as  parasi¬ 
tic  corner  transistor  action  (similar  to  that  seen  on  SOI).  Both  void  formation  at  deposi¬ 
tion  and  regional  film  thickness  variations  after  reflow  were  seen  to  be  a  function  of 
trench  shape;  thus,  sidewall  profile  optimisation  Is  necessary  for  processing  simplicity. 

Film  resistance  to  buffered  hydrofluoric  acid  etches  during  later  stages  of  processing 
Increases  with  boron  and  decreases  with  phosphorous  content.  Of  the  films  Investigated, 
only  3. 5/3. 5  wt%  BPSG  showed  a  slightly  enhanced  etch  rate  over  thermal  oxide;  a1!  other 
films  etched  at  a  slower  rate.  Stress  generated  defects  were  not  seen  on  fully  processed 
samples  with  trench  spaclngs  down  to  0.3pm. 

Devices  have  been  fabricated  with  well-filled  atmospheric  pressure  CVD  oxide  trenches 
(Fig. 3).  Good  electrical  characteristics  have  resulted  with  gains  of  84pA/V2(NM0S)  and 
25pAA2(PM0S)  for  transistors  with  unit  aspect  ratios;  threshold  voltages  were  0.75  and 
-1.0V  respectively.  Fig. 4  shows  devices  with  good  subthreshold  slope  characteristics.  These 
results,  together  with  junction  breakdown  voltages,  were  comparable  with  those  seen  on 
polyslllcon  filled  trenches. 

TEOS.  BPSG  deposition  by  the  pyrolytic  decomposition  of  tetraethyl  orthosilicate  (TEOS) 
showed  better  coverage  of  trench  sidewalls  than  all  other  dielectrics,  being  about  2:3 
(trench  sidewall :top  coverage).  As  a  result,  flowed  film  thickness  variations  between  field 
and  active/trench  areas  were  reduced.  Trenches  separated  by  0.3pm  showed  no  stress  Induced 
defects  after  the  reflow  stage.  This  technique  therefore  shows  potential  although  full 
device  processing  has  not  yet  been  completed. 

2.2  Polyslllcon 

LPCVD  polyslllcon  was  deposited  on  200nm  of  trench  sidewall  oxide  and  a  thin  film  of 
nitride  used  to  maintain  sub-micron  dimensions  during  Isolation  heat  treatments.  This 
technique  takes  advantage  of  the  conformal  coating  properties  of  polyslllcon.  Its  ease  of 
deposition  and  good  planarlsation  control  during  etch-back  (Fig. 5).  A  capping  oxide  Is 
grown  on  the  polyslllcon  after  etch-back  (Fig. 6);  the  film  being  suffiently  thick  to  allow 
for  some  erosion  during  subsequent  etches  without  causing  detrimental  parasitic  transistor 
action.  Trench  widths  and  spaclngs  can  be  as  low  as  0.3pm  using  this  technique;  stress 
generated  defects  occur  only  below  this  value  and  are  found  to  correlate  with  junction 
leakage  currents. 

The  parasitic  action  of  the  trench  polyslllcon  acting  as  an  unwanted  gate  electrode  has 
been  fully  evaluated.  The  sidewall  dielectrics  together  with  optimised  well  doping  have 
ensured  that  effects  are  minimal.  Trench  polyslllcon  voltages  for  a  vertical  trench  leakage 
current  of  lpA/p«  trench  length  are  typically  8.0V  and  -9.5V  for  NMOS  and  PMOS  transistors 
respectively. 

3  -  DISCUSSION  &  CONCLUSION 

BSG  and  BPSG  oxide  films  can  be  flowed  easily  to  fill  trenches  at  temperatures  compatible 
with  device  fabrication.  The  processing  ease  of  the  etch-back  stage  Is  largely  dependent  on 
the  shape  of  the  trench;  thus,  under  optimum  conditions  with  a  slight  positive  bevel  on  the 
sidewall,  good  control  over  the  oxide  level  In  the  trench  should  be  possible.  Initial 
filling  of  well-shaped  trenches  with  oxide  Is  therefore  not  considered  to  be  a  problem  and 
erosion  by  subsequent  wet  chemical  etches  can  be  minimised  by  dopant-tailoring.  However, 
some  reduction  of  oxide  level  In  the  trench  Is  seen  to  be  Inevitable  during  processing  and 
has  the  effect  of  enhancing  corner  parasitic  action.  In  addition,  residual  polyslllcon 
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fillets  may  be  left  at  trench  edges  after  gate  etching  due  to  thickening  of  the  gate  over 
trench  edge  steps;  short  circuiting  between  devices  could  result. 

Good  filling  of  trenches  using  polyslllcon  films  Is  less  sensitive  to  trench  shape  due  to 
Its  conformal  coating  properties.  Corner  parasitic  action  caused  by  poorly  filled  trenches 
at  end-of-process  is  not  a  problem  as  the  capping  oxide  can  be  tailored  to  allow  for  a 
known  amount  of  in-process  erosion.  By  filling  trenches  with  polyslllcon,  parasitic  side- 
wall  devices  can  be  totally  suppressed  through  the  use  of  optimised  well  doping  and  side¬ 
wall  dielectrics.  Stress  Is  minimised  and  transistors  with  active  device  widths  as  low  as 
0.3pm  have  been  fabricated.  Polysilicon  also  provides  Increased  flexibility  over  oxide 
filling  by  having  additional  use  as  resistors  or  capacitors.  Thus  polysllicon  trench  fill¬ 
ing  remains  the  most  favoured  trench  isolation  technique. 
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Fig. 2  -  BPSG  after  high  temperature  reflow 
showing  variations  in  oxide  thicknesses 
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Rfsitmi 

Couches  minces  de  BSG  avec  du  composition  constante  (ca.  4.7  wt%  B) 
sont  pr6par6s  en  LPCVD,  la  source  §tait  Tris(trimethylsiloxy)boron 
B[0Si(CH3)3]3  une  molecule  se  compose  de  bore  et  de  silicium.  Les 
conditions  optimales  pour  le  ddpdt  sont  800  °C,  105  Pa  (800  mTorr) 
et  1 'addition  de  280  seem  Oa .  Les  couches  sont  stable  exposfies  A 
l'air  atmospheric,  la  couverture  d'ar&tes  aiguSes  est  excellente  et 
la  vitesse  d'une  corrosion  humide  est  tr6s  lente.  11  est  prouvd 
qu'ils  sont  des  sources  dotant  effectifs  dans  une  zone  de  800  °C  A 
1000  °C. 

Abstract 

BSG  with  constant  composition  (ca.  4.7  wt%  B)  was  deposited  using 
Tris(trimethylsiloxy)boron  B[0Si(CH3)3]3  in  a  standard  LPCVD  sys¬ 
tem.  The  optimum  deposition  conditions  are  800  °C,  105  Pa 
(800  mTorr)  and  280  seem  Oa  purge.  The  films  are  chemically  stable 
in  atmosphere  and  exhibit  good  step  coverage  and  low  wet-etch 
rates.  They  are  effective  dopant  sources  in  the  800-1000  °C  range. 

Introduction 

The  progress  in  silicon  technology  has  revived  the  interest  in  doped  oxides 
as  diffusion  sources.  This  is  because  ion  implantation  can  damage  the  sili¬ 
con  lattice  or  suffers  from  geometrical  restriction  when  the  doping  of  trench 
walls  is  attempted  111.  This  problem  has  been  solved  e.g.  by  using  arseno- 
silicateglass  (AsSG)  /  2  /  deposited  by  the  use  of  two  liquid  precursors, 
a  simple  and  straightforward  LPCVD  process  131. 

Another  application  proposed  recently  /  4  /  is  the  realization  of  shallow 
junctions  in  bipolar  technology.  A  borosilicateglass  (BSG)  is  deposited  and 
acts  as  a  diffusion  source  during  a  subsequent  heat-treatment.  The  investi¬ 
gations  have  demonstrated  that  the  electrical  results  obtained  depend  criti¬ 
cally  on  the  boron  concentration  in  the  deposited  layer. 

Organic  molecules  have  shown  to  be  superior  to  silane  /  5-9  /.  Thus  the  pyro¬ 
lysis  of  tris(trimethylsiloxy) boron  B[0Si(CH3)3]3  was  used  to  produce  high 
quality  BSG-films.  The  necessity  to  control  two  liquids  with  different  vapor 
pressures  (e.g.  TEOS  and  TMB)  is  in  this  case  circumvented  because  the  mole¬ 
cule  contains  already  silicon,  oxygen  and  the  dopant  boron.  This  results  in 
films  of  inherently  constant  composition.  The  feasability  of  using  a  mono- 
molecular  precursor  for  the  depostion  of  a  binary  glass  had  been  demonstra¬ 
ted  for  the  case  of  alumosilicate  glass  before  /  10  /.  To  our  knowledge, 
however,  no  attempts  have  been  made  to  extend  this  principle  to  glasses  like 
e.g.  BSG  or  AsSG  used  in  highly  integrated  circuits. 

The  process  characteristics  and  film  properties  of  the  BSG  obtained  by  the 
novel  process  will  be  described  in  the  following  section. 


Experimental 

The  experiments  were  carried  out  in  a  conventional  low  pressure  chemical  vapor 
deposition  (LPCVD)  setup  described  before  111.  The  BSG  layers  were  deposited 
in  a  235  mm  diameter  quartz  tube  on  100  mm,  <100>,  5  ftem,  p-type  wafers.  Open 
boats  with  a  wafer  spacing  of  4.7  mm  were  UBed.  The  highly  purified  tris(tri- 
methyl s i loxy ) boron  was  supplied  by  the  University  of  Cologne  (Inst.  f.  Inor¬ 
ganic  Chemistry) .  The  met'il  bubbler  containing  the  liquid  source  was  kept  at 
temperatures  between  25  °C  and  35  °C.  The  main  process  parameters  were  tern- 
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perature  (500-900  °C),  pressure  (80-400  Pa)  and  the  amount  of  oxygen  added 
(40-280  seem). 

The  films  were  characterised  regarding  deposition  rate,  film  thickness  varia¬ 
tion,  etch  rate,  step  coverage,  particles,  boron  content  in  the  layer  and  the 
dopant  effectiveness  as  described  before  /  6-7  /. 

Process  characteristics 

The  dependencies  of  the  deposition  rate  and  the  film  thickness  variation  on 
the  main  process  parameters  are  illustrated  in  the  first  three  figures. 

Figure  1  shows  the  influence  of  a  variation  of  the  deposition  temperature  for 
a  relatively  high  pressure  and  Oa-flow.  The  optimum  working  point  is  800  °C, 
about  80  °C  higher  than  in  the  case  of  TEOS  /  6-8  /.  Higher  temperatures  re¬ 
sult  in  severe  non-uniformities,  probably  due  to  depletion  effects  of  the 
precursor.  The  temperature  dependence  of  the  deposition  rate  does  not  follow 
an  Arrhenius  type  behaviour  which  hints  at  a  complexe  dissociation  mechanism. 
The  boron  content  of  the  films  remains  nearly  unchanged,  with  a  slight  ten¬ 
dency  towards  higher  boron  concentration  for  higher  temperatures .  This  is  in 
contrast  to  results  obtained  with  alumosilicateglasses,  where  a  strong  depen¬ 
dence  of  the  film  composition  was  observed  /  10  /. 

Figure  2  illustrates  the  influence  of  pressure.  The  process  is  stable  up  to 
160  Pa  with  particle  counts  typically  below  10  (S  0.5  pm2).  Note  the  distinct 
increase  in  thickness  non-uniformity  above  105  Pa.  At  400  Pa  a  very  high  num¬ 
ber  of  particles  indicate  gas  phase  reaction. 

The  role  of  the  Oa  purge  is  demonstrated  in  figure  3.  Additional  oxygen  clear 
ly  enhances  the  film  growth.  At  higher  Oa  flow  tis  effect  levels  off,  probably 
due  to  dilution  of  the  SiOB-compound .  The  intermediate  maximum  of  the  thick¬ 
ness  variations  is  in  contrast  to  results  observed  for  TEOS / TMB-BSG  /  5  /  and 
defies  a  simple  explanation.  The  boron  content  of  the  samples  remains  at  a 
quite  constant  level  at  4.7  wt%  boron,  independant  of  the  amount  of  oxygen 
added . 


For  any  doped  glass  chemical  stability  in  atmosphere  is  a  matter  of  constant 
concern  /  9  /.  In  this  respect,  SiOB-BSG  films  compare  favorably  with  TEOS- 
BSG  which  can  develop  particles  when  stored  in  humid  atmosphere  if  the  boron 
weight  fraction  is  2.  5  wt%.  SiOB-BSG  is  perfectly  stable  when  deposited  at 
800  °C.  Cristallization  of  boric  acid  has  been  observed  on  films  produced  at 
700  °C  or  by  a  mixed  SiOB/TEOS  deposition.  Therefore  it  can  be  assumed  that 
the  glass  formation  process  is  rather  completed  in  the  SiOB-films  deposited 
at  800  °C.  This  assumption  is  corroborated  by  studies  of  the  wet-etch  rates  in 
different  media  /  7  /.  It  is  evident  that  the  rates  of  densified  TEOS-BSG 
correspond  to  the  values  of  undensified  SiOB-BSG  films. 


Infrared  spectroscopy  (IR)  is  a  fast  and  non-destructive  tool  to  determine 
the  dopant  level  in  glasses  /  9  /.  The  IR  spectrum  of  SiOB-BSG  does  not 
exhibit  any  specific  feature  when  compared  to  TEOS-BSG. 


In  modern  integrated  circuits,  with  high  aspect  ratios ,  the  step  coverage  of 
deposited  films  is  a  very  important  property.  The  superior  results  achieve- 
able  with  organic  compounds  have  been  demonstrated  for  doped  and  undoped 
TEOS-oxides  by  several  authors  /  2,  3,  5-9  /.  SiOB-BSG  fits  well  into  this 
pattern  with  its  step  coverage  of  about  70  %  as  shown  in  figure  4. 


To  test  the  effectiveness  of  the  BSG  as  a  dopant  source,  films  were  deposi¬ 
ted  on  wafers  which  had  been  given  a  HF-dip  before  being  loaded  into  the  fur¬ 
nace.  After  the  BSG  deposition  an  in-situ  drive-in  was  performed  by  ramping 
the  temperature  up  to  900  °C  for  30  minutes.  Figure  5  demonstrates  that  this 
thermal  budget  is  sufficient  to  obtain  a  boron  concentration  of  about 
2*101#cm-s-  By  variying  time  and  temperature  of  the  drive-in  this  could 
easily  be  raised. 

Cone  1 u 1 1 on 


The  novel  SiOB-BSG  process  described  produces  films  of  superior  quality 
while  eliminating  problems  stemming  from  the  regulation  of  different 
vapors.  The  films  are  effective  dopant  sources  with  inherently  con¬ 
stant  composition.  Monomolecular  liquid  precursors  should  be  of  interest 
for  CVD  of  doped  insulating  films  (e.g.  intermetalinsulators  like  BPSG) 
as  well  /  9  /. 
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Fig.  1 


Fifl.  2 


Fig.  3 


Deposition  Rate  and  film  thickness  variation  (SiOB-BSG) 
vs  deposition  temperature 


Deposition  Rate  and  film  thickness  variation  (SiOB-BSG) 
vs  process  pressure 


Deposition  Rate  and  Mm  thickness  variation  (SiOB-BSG) 
vs  additional  Oi  purge 
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Fig.  4  Example  of  the  good  step  coverage  (b/a  70  %)  of  SiOB-BSG 

in  a  deep  trench 
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SI  MS -concentration  profile  in.  SiOB-BSG  and  silicon  substrate 
(after  in-sltu  anneal  of  30  m in/900  °C) 
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Abstract-The  dependence  of  bird's  beak  length  on  process  parameters  has 
been  studied  for  selective  polysilicon  oxidation.  The  gate  oxide 
thinning  at  the  field  oxide  edge  is  correlated  with  the  voltage  drop 
across  the  gate  oxide  for  constant  current  stress.  We  show,  that  with  an 
optimised  set  of  process  parameters  the  bird’s  beak  length  can  be 
reduced  to  0.15|xm  without  deteriorating  device  reliability. 


1 .  INTRODUCTION 

In  VLSI  technology  isolation  regions  with  approximately  lum  feature  size  have 
to  be  realised  in  order  to  achieve  high  packing  density.  On  the  other  side 
the  field  oxide  thickness  must  not  be  reduced  to  avoid  increase  of  leakage 
currents  and  parasitic  capacitances.  Rather  sophisticated  isolation  processes 
like  BOX  or  trench  have  been  suggested,  which  have  the  disadvantage  of  a 
complicated  and  costly  process  flow  and  an  increased  risk  of  defect 
generation.  In  our  work  we  studied,  to  which  extent  a  technologically  simple 
process  like  selective  polysilicon  oxidation  111  can  be  applied  for  defect 
free  isolation  in  VLSI. 

2.  PROCESS  FLOW 

Selective  polysilicon  oxidation  is  explained  in  fig.lt  A  pad  oxide  is  grown 
thermally,  a  polysilicon  layer  and  a  CVD-nitride  layer  are  deposited 
successively.  The  nitride  layer  is  patterned  by  photolithography  and  dry 
etching  (fig. la).  The  field  oxide  is  grown  in  a  wet  ambient.  Nitride  mask  and 
remaining  polysilicon  are  removed.  Due  to  the  interface  between  polysilicon 
and  nitride  a  second  beak  is  formed  in  addition  to  the  normal  bird's  beak 
(fig. lb).  In  order  to  remove  any  nitride  residues  in  the  active  areas  a 
reoxidation  of  lOOnm  is  performed  (fig.lc).  This  oxide  is  stripped  together 
with  the  remaining  pad  oxide  in  HF .  During  the  same  step  the  length  of  the 
normal  bird's  beak  is  reduced  and  the  second  beak  is  etched  off.  Eventually 
the  gate  oxide  is  grown  (fig. Id).  Fig.le  shows  a  SEM-picture  of  an  isolation 
oxide,  where  a  pad  oxide  thickness  of  50nm  and  a  polysilicon  thickness  of 


fig.  l.a-d  Process  flow  of  Selective  Polysilicon  Oxidation 

fig.  l.e  Field  oxide  (pad  oxide  50nm,  polysilicon  150nm,  nitride  250nm) 
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150run  have  been  used.  The  as-grown  field  oxide  thickness  was  850nm,  the  wet 
etch  time  lOOsec.  The  resulting  bird's  beak  length  is  0.3pm. 


3.  EXPERIMENTAL  RESULTS 

In  order  to  optimise  this  technology  for  a  0.8pm-process,  the  bird's  beak 
length  has  to  be  reduced  to  0.1  -  0.15pm.  In  our  experiments  we  varied  the 
process  parameters  according  to  an  orthogonal  table,  which  provides  reliable 
results  with  a  minimised  number  of  experiments  171 .  The  dependence  of  bird's 
beak  length  on  the  thickness  of  pad  oxide  and  polysilicon  layers  is  found  by 
a  statistical  evaluation  /3/  of  the  data  (fig. 2).  The  final  field  oxide 
thickness  is  600nm  for  all  sets  of  parameters.  A  reduction  of  bird's  beak 
length  is  possible  by  using 

a)  thinner  pad  oxide,  because  oxygen  diffusion  in  the  pad  oxide  and  lateral 
oxidation  are  suppressed.  A  minimum  thickness  of  30nm  is  necessary,  to 
provide  an  etch  stop  and  sufficient  reduction  of  nitride  stress. 

b)  thicker  polysilicon,  because  a  larger  part  of  the  field  oxide  is  grown  in 
the  polysilicon,  where  lateral  oxidation  is  small.  In  consequence  step 
height  and  step  angle  of  the  field  oxide  are  increased  (fig. 3a). 

c)  longer  wet  etch  time.  The  bird's  beak  length  can  be  reduced  very 
effectively  (fig. 3b),  but  field  oxide  thickness  is  lost  by  the  same  amount. 


fig.  2  Bird's  beak  length  as  a  function  of  pad  oxide  and  polvsilicon 
thickness  (nitride  250nm)  * 
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fig.  3a  Step  height  and  step  angle  of  field  oxide 

fig.  3b  Dependence  of  bird's  beak  length  on  wet  etch  time 
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At  the  field  oxide  edge  a  thinning  of  the  gate  oxide  is  observed,  which  is 
caused  by  stress  induced  reduction  of  oxygen  diffusivity  / 4/  and  by  a  reduced 
oxygen  supply  at  the  field  oxide  edge  during  gate  oxidation  /5/.  If  process 
parameters  are  varied  in  order  to  minimise  bird's  beak  length,  care  has  to  be 
taken,  that  device  reliability  is  not  deteriorated  by  increased  gate  oxide 
thinning.  The  thinning  becomes  more  pronounced,  if  the  step  angle  of  the 
field  oxide  or  the  wet  etch  time  is  increased.  In  fig.4a-c  we  show  TEM- 
pictures  for  samples  with  different  gate  oxide  thinning. 


An  increased  thinning  can  be  correlated  with  a  higher  Fowler-Nordheim 
tunneling  current  through  the  gate  oxide  for  a  given  test  geometry. 
Consequently  the  voltage  drop  Uir.3  across  the  overall  gate  oxide  under 
constant  current  injection  depends  sensitively  on  the  thinning  (fig.4d).  Thus 
it  is  possible  to  determine  the  gate  oxid  thickness  at  the  field  oxide  edge 
by  a  simple  electrical  measurement  of  the  voltage  Ui.nj .  In  our  experiments  we 
used  test  structures  with  a  gate  area  of  8mm 2  and  a  boundary  length  of 
3000mm. 
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fig.  4a-c  Gate  oxide  thinning  for  different  wet  etch  times  (see  fig.  3b) 
fig.  4d  Voltage  drop  over  gate  oxide  for  constant  current  injection 


fig.  5  Time  dependent  dielectric  breakdown  due  to  constant  bias  stress. 
Gate  oxide  thinning  at  field  edge:  a:  16.9%  b:  21.0%  c:  26.3% 
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Constant  voltage  stress  leads  to  enhanced  field  strength  in  the  thinned 
regions.  Consequently  the  locally  enhanced  injection  current  reduces  the 
intrinsic  time  to  breakdown  (t»D)  by  orders  of  magnitude  (fig. 5).  The  dashed 
line  in  fig. 5  represents  the  cumulative  failure  of  sample  c  with  30%  thinning 
but  reduced  field  strength  of  -9  MV/cm.  The  data  coincide  with  the  cumulative 
failure  of  sample  b  with  21%  thinning  (field  strength  -10  MV/cm).  This  shows 
that  the  reduced  tBD  is  in  fact  due  to  the  thinned  regions .  Therefore 
increased  gate  oxide  thinning  may  cause  reliability  problems,  if  the 
intrinsic  tBD  limits  device  lifetime. 

Di„j  is  reduced  by  a  thinner  pad  oxide,  because  the  bird's  beak  angle  is 
increased,  and  a  thinner  polysilicon,  because  the  field  oxide  grows  deeper 
into  the  substrate  (fig. 6a).  Comparing  figs. 2  and  6  we  find,  that  the  bird's 
beak  length  can  be  reduced  without  increasing  the  gate  oxide  thinning  by 
simultaneously  varying  pad  oxide  and  polysilicon  thickness.  Choosing  a  pad 
oxide  of  30nm  and  a  polysilicon  layer  of  200nm  the  bird's  beak  is  reduced  to 
0.15um  (fig. 6b).  The  gate  oxide  thinning  remains  unchanged,  however,  compared 
with  the  isolation  process  shown  in  fig. Id.  The  step  height  increases  by  only 
15%. 


fig.  6a  Voltage  drop  as  a  function  of  pad  oxide  and  polysilicon  thickness 
(nitride  250nm) 

fig.  6b  Field  oxide  (pad  oxide  30nm,  polysilicon  200nm,  nitride  250nm) 


4.  CONCLUSION 

In  summary  we  have  shown,  that  it  is  possible  to  find  an  optimised 
combination  of  pad  oxide  and  polysilicon  thickness,  which  adapts  the  bird's 
beak  length  to  the  requirements  of  0 . 8nm-technology  without  increasing  the 
gate  oxide  thinning  and  without  essential  aggravations  of  topography.  A 
correlation  between  gate  oxide  thickness  at  the  field  oxide  edge  and  voltage 
drop  Uina  during  constant  current  stress  has  been  found,  which  allows  to 
characterise  an  isolation  process  with  regard  to  its  gate  oxide  thinning. 
Time  dependent  dielectric  breakdown  and  its  impact  on  device  reliability  is 
correlated  with  the  gate  oxide  thinning  at  the  field  oxide  edge. 
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Resume  -  Dans  ce  papier  nous  prdsentons  un  procddd  BOX  et  les  resultats  dlectriques  obtenus  avec  cette 
technique,  n  utilise  un  contre-masque  de  polysilicium  plutot  que  d'utiliser  un  procddd  avec  une  double  couche 
de  resine.  Les  caracteristiques  eiectriques  des  transistors  parasites,  le  courrant  de  fuite  des  diodes  avec 
perimetres  variables  et  la  variation  de  la  largeur  de  canal  sont  presents. 


Abstract  -  In  this  paper  we  present  a  BOX  process  and  the  electrical  results  obtained  with  this  technique,  in 
which  a  polysilicon  counter-mask  is  used  instead  of  a  double  resist  layer  to  perform  the  field  oxide.  The 
electrical  characteristics  of  active  and  parasitic  transistors,  the  leakage  current  measured  on  diodes  with  various 
perimeters  and  the  channel  width  measurements  are  presented. 


1  -  INTRODUCTION 

In  recent  years,  new  isolations  technologies  have  been  developed  to  overcome  the  limitations  presented  by  the 
conventional  LOCOS  in  VLSI  circuits.  Most  of  them  are  based  on  the  use  of  a  thermal  field  oxide.  However  BOX 
technologies!1)  use  a  deposited  oxide  and  therefore  allow  to  get  rid  of  the  problems  related  to  bird's  beak  formation, 
channel-stop  implantation  encroachment  and  stress  generation.  In  order  to  eliminate  the  oxide  deposited  on  the  active 
areas,  an  additional  photolithographic  step  seems  suitable  /l, 2/.  In  this  work  we  continue  to  develop  a  polysilicon 
counter-mask  process/2/.  Even  if  the  BOX  process  is  more  complicated  than  a  LOCOS  or  SILO  one,  it  has  some 
advantages  that  are  discussed  in  this  paper. 


Fig.  1  -  Fabrication  steps  of  the  BOX  process  using  a  polysilicon  counter-mask . 


(!)  The  autors  use  the  therm  BOX  to  nominate  all  processes  which  use  a  deposited  oxide  as  field  oxide. 
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2  -  PROCESS  DESCRIPTION 

The  starting  material  is  <100>  orientated  silicon,  180. cm  p- wafers.  First,  a  pad-oxide  is  grown  and  a  nitride  layer  is 
deposited.  After  a  photolithographic  step  to  delineate  the  active  regions,  both  layers  are  etched.  Then  grooves  are  etched 
in  the  silicon  substrate  with  a  KOH  solution  up  to  a  depth  of  0.5  pm,  using  the  nitride  film  as  a  mask.  After  the 
channel-stop  implantation,  a  Si02  layer,  with  an  equal  thickness  (or  little  more)  to  that  of  the  Si  groove  depth,  is 
deposited  by  CVD  (Fig.l.a).  A  thick  polysilicon  layer  is  then  deposited  and  whith  an  additional  photolithographic  step, 
a  photoresist  mask  is  left  in  the  field  areas  (Fig.l.b).  Then  the  exposed  polysilicon  is  etched  by  RIE  up  to  the  oxide 
surface.  The  anisotropic  etching  allows  the  formation  of  spacers  .  Fig.l.c  shows  the  structure  after  the  wet  etching  of 
the  oxide.  During  the  last  step,  the  nitride,  the  polysilicon  and  the  pad-oxide  layers  are  removed  to  obtain  the  desirable 
structure,  as  shown  in  Fig.l.d. 

Fig.2  shows  a  SEM  cross-section  of  an  intermediate  step  of  the  fabrication  process.  In  this  picture  we  can  see  that  even 
if  a  certain  misalignement  (less  then  0.7  pm)  of  the  resist  mask  exists,  the  polysilicon  counter-mask  is  well  formed. 
Fig  3  shows  a  SEM  cross-section  of  a  BOX  structure  with  W=  1.3pm.  No  bird's  beak  is  created  and  therefore  no 
reduction  of  the  dimensions  are  observed. 


Fig.  3  -  Cross-section  of  a  1.3pm  device.  Left :  BOX,  right :  LOCOS 
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3  -  RESULTS  AND  DISCUSSION 

Due  to  the  absence  of  thermal  oxidation,  the  devices  fabricated  with  a  BOX  process  have  noreduction  of  the  active 
area  dimensions.  That  is  especially  evident  when  we  compare  a  BOX  structure  with  a  LOCOS  one,  as  in  Fig.  3.  Both 
structures  were  made  with  the  same  mask.  In  this  case  the  bird's  beak  formation  in  the  LOCOS  structure  has  rendered 
useless  the  active  area.  If  we  compare  the  BOX  process  with  a  SILO  one  /3/  the  dimension  loss  is  comparable,  but,  due 
to  the  high  temperature  step  necessary  to  grow  the  SILO  field  oxide,  the  boron  encroachment  is  more  important  with  the 
SILO  process,  and  so  the  electrical  channel  width  is  reduced.  Experimentally,  the  effective  channel  width  is  determined 
by  plotting  the  drain  current  of  the  MOS  transistors  (at  Vd  =  50mV )  v.s.  design  mask  width.  The  intercept  with  the 
abscissa  yields  a  correction  AW  shown  in  Table  I  ( The  SILO  values  are  obtained  from  ref.4) 


■9 

0 

Vt(V) 

AW(1) 

AW(4) 

A(AW) 

II 

at/cm2 

field  ox. 

(pm) 

(pm) 

(pm) 

BOX 

2E12 

131 

0.33 

0.25 

0.08 

SILO 

2E13 

HI 

1.1 

0.6 

0.5 

Table  I.  -  AW(1)  is  the  channel  width  variation  for  Vg-Vt  =  1 V 
AW(4)  is  the  channel  width  variation  for  Vg-Vt  =  4V 
A(AW)  =  AW(1)  -  AW (4) 


These  values  demonstrate  that  the  BOX  process  provides  a  smaller  loss  of  channel  width  due  to  a  minor  boron 
encroachment. 

The  subthreshold  characteristics  shown  in  Fig.4  correspond  to  polysilicon  gated  parasitic  field  transistors  with  a  width 
of  100pm  and  a  length  of  2  and  10pm  .  As  it  can  be  seen,  both  2  and  10pm  length  field  transistors  have  the  same 
subtreshold  characteristic.  One  explanation  of  this  behaviour  can  be  that,  as  demonstrated  by  S.H.  Goodwin  et  al75/ , 
the  smaller  is  the  radius  of  the  transition  region  ,  the  better  is  the  subthreshold  characteristiccontrol  by  this  region. 
Therefore  it  is  independent  of  the  length  of  the  field  region. 

The  leakage  currents  have  been  mesured  on  N+P  diodes  with  the  same  area  (A  =  1.6E-3cm2)  and  three  different 
perimeters  (PI  =  0.16cm,  P2  =  0.96cm,  P3  =  4.8cm).  These  currents  are  plotted  in  Fig.5.  As  expected,  the  leakage 
current  is  very  low. 


Fig.4  -  Subthreshold  characteristics  of  parasitic  field  transistors  with  L  =  2pm  and  L=  10pm 
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Fig.  5  -  Leakage  current  of  N+P  diodes  with  the  same  area  and  diferent  perimeters. 


CONCLUSIONS 

In  this  work  we  have  presented  some  electrical  results  obtained  from  devices  fabricated  with  a  BOX  process  based  on 
the  use  of  a  polysilicon  counter-mask.  Even  if  the  BOX  process  is  more  complicated  than  a  LOCOS  or  SILO  one,  it 
presents  some  advantages  :  bird's  beak  free  structures,  boron  encroachment  reduction,  very  good  isolations  properties 
and  a  low  leakage  current;  these  adventages  are  related  to  the  elimination  of  the  long  high  temperature  step  necessary  to 
grow  a  thermal  field  oxide. 
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Resume 

L’utilisation  d’un  implanteur  d’ions  i  haute  energie  a/in  de  former  des  puits  retrogrades  requiert  une 
couche  de  resine  photo-sensible  tree  epa isse  a fin  de  prevenir  la  penetration  de  I 'implantation.  Un 
ombrage  de  la  region  frontiire  du  puit  survient  au  cou rs  de  I’ implantation ,  du  au  deplacement  de 
cette  region  en  fonction  de  la  position  sur  la  gaufre  et  de  V angle  d 'implantation.  Ce  phenomena 
requiert  done  une  relaxation  des  regies  de  design.  Cet  effet  fut  iiudie  a  I’aide  de  mesures  eiectriques 
de  transistors  a  effet  de  champs  n+/pu/t  n~  en  fonction  de  leur  dimension  et  de  leur  orientation,  tout 
en  ay  ant  un  angle  d 'implantation  nominal  de  7°.  Ces  effete  d 'ombrage  varient  entre  0,15  et  0,25pm 
sur  la  surface  d’une  gaufre  de  100mm  de  diametre. 

Abstract 

Use  of  high  energy  ion  implantation  for  retrograde  wells  requires  thick  resist  layers  to  prevent  implant 
penetration.  Shadowing  of  the  n-well  implant  results  in  a  displacement  in  the  position  of  the  n- 
well  edge,  dependent  on  the  position  across  the  wafer  and  implant  angle,  thereby  requiring  a  larger 
minimum  design  rule.  Electrical  measurement  of  n+/n-well  field  transistors  as  a  function  of  spacing 
and  orientation  has  been  used  to  investigate  the  amount  of  shadowing  which  occurs  for  nominal  7° 
implants.  Shadowing  effects  were  found  to  vary  from  0.15  to  0.25pm  across  a  typical  4  inch  diameter 
wafer. 

1  Introduction 

In  advanced  CMOS  technologies  a  small  n+  to  p+  spacing  is  required  in  order  to  achieve  high  packing  densities. 
The  use  of  suppressed  LOCOS  for  oxide  isolation  (1,2)  provides  a  technology  for  narrow  field  isolation  regions 
whilst  retrograde  wells  (3)  are  successful  in  providing  high  parasitic  threshold  and  punchthrough  voltages.  An 
additional  advantage  of  retrograde  well  technology  is  that  the  low  thermal  budget  allows  the  use  of  thin  epitaxial 
layers  to  suppress  latch-up.  The  design  rule  minimum  n+  to  p+  spacing  of  2.5pm  is  comprised  of  1.4pm  n+  to 
n-well  and  1.1pm  p+  to  p-well  spacings.  The  use  of  high  energy  implants  to  produce  retrograded  wells  requires 
the  use  of  a  thick  (here  2.6pm)  resist  layer.  Shadowing  by  this  thick  resist  layer  results  in  a  displacement  in  the 
position  of  the  edge  of  the  n-well,  relative  to  the  field  isolation,  as  is  shown  schematically  in  figure  1.  At  the 
well  concentrations  used  there  is  a  considerable  reduction  in  field  transistor  threshold  voltage  as  the  spacing  is 
reduced.  This  provides  a  means  by  which  the  relative  alignment  of  the  edge  of  the  n-well  can  be  related  to  the 
threshold  voltages  observed  and  thus  the  effect  of  shadowing  can  be  studied. 

2  Process  summary 

The  process  described  is  based  on  that  for  the  production  of  1Mbit  SRAMs  (4).  The  relevant  features  of  this 
process  are: 

1.  Field  oxide  formation  using  a  suppressed  LOCOS  process  (1).  The  field  oxide  is  planarised  using  an  etch  back 
procedure  to  a  thickness  of  ~500nm. 

2.  Blanket  p-well  implantation  consisting  of  4  x  101!B/cmJ  at  an  energy  of  200keV. 
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3.  Masked  n-well  implantation  consisting  of  9  x  10' JP/cmJ  at  an  energy  of  500keV  with  a  2.6pm  thick  resist 
layer. 

The  remainder  of  the  process  consists  of  gate  oxidation,  polysilicon  deposition  and  definition,  source-drain  im¬ 
plantations,  silcidation  and  an  advanced  double  level  metallisation  scheme  (4). 


I 


Figure  1(a):  Schematic  of  n-well  showing  shadowing  from  high  energy  retrograde  implant. 
H,ifcsW/  +  ARp  +  t  locos  •  tan  7° 

Wj  «sj  W  +  ARp  -  ( +  t locos) .  tan  7° 
where  W  is  the  nominal  N+/N-well  spacing. 


Figure  1(b):  Schematic  showing  cross-section  after  polysilicon  definition  and  source-drain  implantation. 

3  Results 

Figures  2  and  3  show  respectively  typical  characteristics  for  n+/n-well  and  p+/p-well  field  transistors.  Because  of 
the  relatively  high  threshold  voltages  as  compared  to  gate  oxide  breakdown  voltages  (—  20V)  all  measurements 
were  restricted  to  the  subthreshold  regime.  Threshold  voltages  were  defined  as  the  gate  voltage  required  to  give 
a  drain  current  of  InA  at  a  drain  voltage  of  ±1V.  The  field  transistors  had  a  width  of  100pm.  Figure  4  shows 
the  threshold  voltage  as  a  function  of  n+/n-well  or  p+/p-well  spacing.  Due  to  short  channel  effects  the  threshold 
voltage  is  reduced  for  smaller  spacings  especially  for  n+ /n-well  devices. 

The  variation  in  threshold  voltage  with  spacing  provides  a  method  by  which  shadowing  effects  across  a  wafer 
can  be  quantitatively  evaluated.  A  test  structure  consisting  of  four  n  +  /n-well  field  devices  (nominal  sparing= 
1.4pm)  orientated  at  angles  of  0,  90,  180  and  270°  to  the  wafer  flat  was  used  to  investigate  the  effect  of  orientation 
on  threshold  voltage.  In  order  to  remove  the  effect  of  implant  dose  and  field  oxide  thickness  variations  the  n+/n- 
well  field  transistor  threshold  voltages  were  correlated  with  those  of  an  n-well/n-well  polysilicon  gate  field  device 
as  is  shown  in  figure  5.  This  variation  was  then  used  to  modify  the  threshold  voltages  of  the  n+/n-well  devices 
to  that  corresponding  to  the  mean  threshold  voltage  of  the  n-well/n-well  devices.  Calculation  of  the  n*  to  n-well 
spacing  was  then  made  by  fitting  the  modified  threshold  voltages  for  each  orientation  to  the  curve  of  V,  versus  n  + 
to  n-well  spacing  at  that  wafer  location.  The  results  thus  obtained  are  plotted  in  figure  6  in  the  form  of  vectors 
at  each  die  position  representing  the  displacement  of  the  n-well  from  its  nominal  position  relative  to  the  field 
oxide  edge.  The  degree  of  shadowing  was  estimated  here  as  varying  systematically  from  0.15  to  0.25pm  across  the 
wafer.  As  this  uncertainty  must  be  added  separately  to  both  n+/n-well  and  p+/p-well  field  transistor  spacings 
the  minimum  n+/p+  spacing  is  increased  by  around  0.5pm.  Increasing  the  well  dose  is  effective  in  reducing  the 
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minimum  achievable  n+/n-well  spacing  (2)  but  at  the  cost  of  increased  junction  capacitances.  The  well  doses  may 
have  to  be  aa  much  as  50%  higher  in  order  to  provide  adequate  threshold  voltages  under  worst  case  shadowing 
conditions.  Implanting  the  wafers  with  zero  tilt  would  possibly  be  effective  in  considerably  reducing  the  degree 
of  shadowing  which  occurs.  For  a  vertical  resist  profile  shadowing  of  ~  tr„ltt.  tan  7°  =  0.32/un  is  expected  (i.e. 
assuming  perfect  masking  by  the  resist).  The  actual  resist  edge  profile  was  about  80°  and  this  is  probably  why 
the  observed  shadowing  has  a  lower  mean  value  of  0.20pm.  Angular  variation  of  offset  angle  across  the  wafer 
of  ±2.3°  is  partially  responsible  for  the  ±0,05/im  variation  in  shadowing  observed.  Variations  in  layer-to-Iayer 
alignment  are  also  visible  where  two  rows  of  die  positions  are  offset  in  the  Y-direction  in  an  opposite  direction  to 
the  remaining  die,  possibly  as  a  result  of  wafer  warpage.  Also  visible  is  the  amount  of  twist  given  to  the  wafers 
away  from  the  flat  at  the  implantation  stage;  in  this  case  approximately  23°. 


Figure  8:  Characteristics  of  typical  n+ /n-well  poly¬ 
silicon  gate  field  transistor  (Vs,  —1,8,5V,  nominal 
spacing-l.fpm). 


N+/N-well,  P  +  /P-well  spicing  (pm) 

Figure  f:  Threshold  voltages  (measured  at  Vs,  = 
IV,  Is  =  lOpA/lpm  width)  of  n* /n-well  and  p+ /p- 
well  polysilicon  gate  field  transistors  versus  spacing. 


Figure  3:  Characteristics  of  typical  p+/p-u tell  poly¬ 
silicon  gate  field  transistor  (Vs,  =-l,-S,-5V,  nominal 
spacing =l.lpm). 


Figure  5:  Mean  threshold  voltage  of  four  n+  /n-well 
field  transistors  (nominal  separation^  l.fpm)  orien¬ 
tated  at  0,  90,  180  and  370°  to  the  wafer  flat  versus 
threshold  voltage  of  n-well/n-well  polysilicon  gate  field 
transistors  (separation^!.  5pm ) . 
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Figure  6:  Wafer  map  showing  calculated  vector  displacements  of  n-well  edge.  The  twist  of  around  BS°  given  to 

the  wafer  is  indicated. 


4  Summary 

Electrical  evaluation  of  field  transistors  has  been  used  to  estimate  the  amount  of  shadowing  occuring  during  n-well 
implantation.  Under  certain  conditions  the  n+  to  n-well  field  transistor  threshold  voltage  is  a  strong  function  of 
n+  to  n-well  spacing  and  by  measuring  n+  to  n-well  polysilicon  gate  field  transistors  under  different  orientations 
the  displacement  of  the  n-well  mask  relative  to  the  field  oxide  definition  mask  was  estimated.  Increasing  the  well 
dose  is  effective  in  reducing  the  minimum  achievable  n+ /n-well  spacing  (2)  but  at  the  cost  of  increased  junction 
capacitances.  In  order  to  study  shadowing  effects,  however,  a  somewhat  low  well  dose  is  advantageous  as  it  gives 
rise  to  larger  variations  in  threshold  voltage  with  spacing.  The  technique  used  provides  a  very  sensitive  method 
of  establishing  layer-to-layer  misregistrations  and  could  be  extended  to  study  lithographic  misalignments  by,  for 
instance,  construction  of  transistors  with  a  separately  implanted  source  drain  regions  with  a  thin  gate  oxide  and 
a  heavily  overlapped  gate  defined  after  source-drain  implantation. 
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SIMULATION  OF  SOURCE/DRAIN  STRUCTURES  FOR  SUBMICRON  MOSFETs  WITH  AND  WITHOUT 
PREAMORPHI Z ATION 


M.  ORLOWSKI,  C.  MAZURfe  and  L.  MADER 
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Resume'-  Un  modfcle  autoconsistant  est  propose'pour  la  diffusion  des  impuretds  et  des  defauts  ponctuels  decrivant 
avcc  succfes  la  diffusion  a  haute  concentration  de  phosphore  et  bore  y  compris  le  cas  de  preamorphisation. 

En  particulier,  les  mecanismes  ge'ndrants  des  interstitiels  et  l’absorption  d’interstitiels  localised  dans  la  couche  des 
boucles  de  dislocation  -  un  resultat  de  la  preamorphisation  -  sont  pris  en  consideration  d’une  fa^on  consistante. 


Abstract  -  A  selfconsistent  model  for  the  impurity  and  point  defect  diffusion  is  proposed  and  applied  successfully 
to  high  concentration  phosphorus  and  boron  diffusion  with  and  without  preamorphized  substrate.  In  particular  the 
generation  of  the  interstitials  by  high  phosphorus  and  boron  diffusion,  the  absorption  of  the  interstitials  at  the 
damaged  layer  consisting  of  dislocation  loops  -  a  remnant  of  the  preamorphization  -,  and  the  generation  of  the 
interstitials  by  the  decay  of  the  precipitated  phase  of  the  impurities  above  the  solubility  limit  is  taken  into  account 
in  a  consistent  way.  The  present  model  is  an  important  tool  for  advanced  optimization  for  submicron  MOSFETs 
dealing  with  involved  interstitial  dynamics  as  in  the  presence  of  preamorphization  effects. 


X  -  INTRODUCTION 

Recently  substrate  amorphization  prior  to  source/drain  implantation  has  been  used  to  fabricate  shallow  junctions  for  submicron 
MOSFETs  IV.  Already  for  a  900  °C  40  min  inert  anneal  a  reduction  of  source/drain  junctions  by  0.15  or  0.20  ^um  can  be 
achieved  for  n +  and  p +  regions,  respectively.  Due  to  the  shallow  junctions  the  minimum  channel  length  with  long  channel 
behaviour  is  reduced  by  about  30  %  for  both  channel  types.  Also  the  subthreshold  swing  can  be  improved  significantly  at  small 
channel  lengths  when  preamorphization  has  been  used.  For  both  types  of  transistor  no  deterioration  of  the  junction  quality  has  been 
observed. 

The  effects  of  the  preamorphization  are  highlighting  the  importance  of  the  point  defect  dynamics  for  the  impurity  diffusion  in 
submicron  devices.  Therefore  for  successful  simulation  supporting  MOSFET  optimization  it  is  of  paramount  importance  to  have  a 
consistent  model  for  impurity  and  point  defect  diffusion.  The  present  model  describes  successfully  the  involved  interaction  between 
impurity  and  point  defect  dynamics. 


2  -  SIMULATION  OF  THE  PREAMORPHIZATION 

The  amorphization  of  the  top  layer  (thickness  0.2  ^um)  of  the  silicon  crystal  is  performed  by  a  blanket  high  dose  Si  implant  prior  to 
source/drain  implantation.  In  Fig.  1  the  damage  profiles  C^x),  the  number  of  vacancies  per  unit  volume  in  the  silicon  crystal,  as  a 
function  of  the  depth,  simulated  with  the  Monte-Carlo  simulator  TRIM  12 J  right  after  the  Si-implantation  is  shown.  By  comparison 
with  the  experiment  it  is  found  that  the  critical  damage  density  required  to  amorphize  the  Si-crystal  is  =  155  lOE^cm  . 
During  the  subsequent  drive-in  the  amorphized  layer  recrystalizes  very  quickly,  but  there  remains  residual  damage  layer  in  a  depth 
Xjj  corresponding  to  such  that  (xsj)  -  C^J1.  The  gradient  60^  (x)/  0  x|x  =  xsj  determines  the  width  w^  of  transiton 
layer  from  amorphous  to  cristalline  phase  which  transforms  during  the  recrystallization  into  the  residual  damage  layer  of 
corresponding  width.  It  can  be  seen  from  Fig.  1  that  for  higher  implantation  energy  the  transition  layer  becomes  broader  in 
agreement  with  experimental  date  from  TEM-pictures  prior  and  after  the  recrystallization.  The  residual  layer  acts  as  an  effective 
sink  for  the  interstitials  during  the  subsequent  drive-in.  The  efficiency  to  absorb  the  interstitials  has  been  determined  from  our 
diffusion  simulations  described  below. 


In  order  to  simulate  phosphorus  and  boron  high  concentration  diffusion  with  and  without  preamorphization  we  have  extended  the 
interstitial-impurity  pair  diffusion  model  by  Mulvaney  and  Richardson  /3/  adding  source  and  sink  terms  for  interstitials  and 
discriminating  between  active  and  clustered  impurity  concentration.  The  corresponding  equations  are  given  in  the  Table. 

These  equations  are  now  part  of  a  more  complete  theory  for  impurity  diffusion  in  silicon  /4/.  Here  j  denotes  phosphorus  or  boron, 
Dj  is  the  corresponding  intrinsic  diffusivity  of  the  impurity  j,  Zj  is  charge  state,  f  the  fractional  interstitial  diffusion  component 
((phosphorus  =  (boron  =  0-75),  C[  denotes  the  interstitial  concentration,  Cyl  the  intrinsic  interstitial  concentration,  Dj  the 
diffusivity  of  the  interstitials,  141  the  electric  field,  and  c-  the  carrier  concentration,  being  electron  density  for  phosphorus  and  hole 
density  for  boron.  The  difference  between  chemical  and  electrically  active  impurity  concentration  is  described  by  a  simple  cluster 
model  with  the  clustering  and  declustering  coefficients,  and  kp,  respectively.  In  this  model  it  is  assumed  that  both  phosphorus 
and  boron  above  the  solubility  limit  generate  interstitials  with  the  efficiency  p  j. 


j  s  phosphorus  or  boron  1  a  Interstitials 


This  term  is  necessary  in  order  to  describe  properly  high  concentration  phosphorus  and  boron  diffusion  with  the  boundary 
condition  for  interstitials  Cj  (x  =  0)  =  Cj^,  when  the  maximum  of  the  impurity  is  not  at  the  Silicon-surface. 

The  recombination  of  the  interstitials  at  the  damage  layer  is  described  by  the  Last  but  one  term  in  eq.  (3)  with 
g(x)  =  exp  (-(x-xs;)/wsj)2),  where  x^  and  w^  have  been  taken  directly  from  TEM-pictures  and  served  for  the  calibration  of  the 
gradient  3  C^/d  x|x  =  x^,  see  Fig.  1.  The  eqs.  (1-3)  have  been  evaluated  using  the  1-D  process  simulator  ZOMBIE  IS/,  which 
proved  to  be  an  indispensable  tool  for  this  investigation. 


4  -  RESULTS 

In  Fig.  2  and  Fig.  3  the  profiles  for  the  impurities,  phosphorus  and  boron,  and  interstitials  are  shown  with  and  without  the 
preamorphization  effect.  As  seen  from  Figs.  2  and  3  the  agreement  with  the  experiment  is  excellent.  We  consider  first  the  impurity 
diffusion  without  the  preamorphization.  Fitting  the  experimental  phosphorus  and  boron  SIMS-profiles  after  a  drive-in  at  900  °C  for 
40  min  the  interstitial  diffusivity,  Dj,  and  the  equilibrium  interstitial  concentration  given  by  Tan  and  Gosele  /6/  turned  out  to  be  the 
most  reasonable.  The  impurity  profiles  are  very  sensitive  to  these  values  and  to  the  boundary  condition  for  the  interstitials  at  the 
surface.  The  increase  of  Dj  leads  to  the  formation  of  the  characteristic  diffusion  tail  at  higher  impurity  concentrations.  The  increase 
of  entails  a  shorter  and  steeper  tail.  In  case  of  phosphorus  we  had  to  enhance  (Tan,  Gosele)  by  3.4,  in  case  of  boron  by 
1.2.  Dj  (Tan,  Gosele)  did  not  need  any  readjustment.  However,  the  exact  magnitude  of  these  enhancement  factors  is  of  limited 
relevance.  They  indicate  only  the  correct  range  of  magnitude.  More  precise  analysis  requires  more  complete  theoretical 
framework  /4, 7/. 

Finally  the  phosphorus  and  boron  profiles  with  preamorphization  have  been  obtained  by  simply  activating  the  sink  term  <*.  Dj  Cj 
g(x)  using  the  same  sink  efficiency  ,  same  parameters  x$j  and  without  any  further  fitting.  It  could  be  surmised,  that  the  sink 
efficiency  <C  can  be  traded  against  the  width  of  the  damaged  layer  w^,  since  both  parameters  together  determine  the  overall  sink 
efficiency.  However,  it  turned  out  that  the  shape  of  the  impurity  profile  with  preamorphization  is  more  sensitive  to  £.  and  than 
the  interstital  concentration  in  the  bulk  which  depends  on  an  overall  sink  efficiency  only.  The  experimental  value  w$j  with  adjusted 
has  provided  the  best  fit  to  the  experiment. 

From  Fig.  2  and  3  it  can  be  seen  that  in  case  of  phosphorus  the  residual  damage  layer  reduces  the  interstitial  supersaturation 
produced  by  high  phosphorus  concentration  diffusion,  while  in  case  of  boron  the  damaged  layer  supresses  the  weak  interstitial 
supersaturation  to  undersaturation  values. 


Fig.  2:  Similuted  phosphorus  and  interstitial  concentration  distribution  with  and  without  preamorphization 
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Fig.  3:  Simulated  boron  and  interstitial  concentration  distribution  with  and  without  preamorphization 


A  model  being  part  of  a  more  general  theory  /4 /  has  been  presented  and  compared  successfully  with  rather  involved  experimental 
structure  of  high  concentration  phosphorus  and  boron  diffusion  in  presence  of  preamorphization  effects.  The  key  feature  of  the 
presented  equations  is  the  consistent  treatment  of  the  point  dynamics  and  its  coupling  to  the  impurity  diffusion.  Such  models  are 
badly  needed  for  successful  process  simulation  for  submicron  devices  not  only  for  source/drain  regions  but  also  for  the 
simultaneous  and  consistent  treatment  of  the  channel  region.  In  Ref.  /SI  it  has  been  shown  how  drastically  interstitial  generation 
during  source/drain  formation  can  influence  the  channel  doping  distribution  and  change  electric  properties  of  the  device. 
The  model  given  here  and  its  generalization  in  Ref.  /4/  can  deal  with  such  circumstances. 
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AVALANCHE  AND  TUNNELING  BREAKDOWN  MECHANISMS  IN  HEMT'S  POWER  STRUCTURES 


Y.  CROSNIER,  F.  TEMCAMANI,  D.  LIPPENS  and  G.  SALMER 
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Resume  -  Cet  article  expose  une  etude  sur  le  phenomfcne  de  claquage  dans  les  HEMTs  de 
puissance  AlGaAs/GaAs.  II  fait  usage,  d'une  part,  de  resultats  experimentaux  obtenus  sur 
differents  composants  test  et,  d'autre  part,  de  modeiisations  prenant  en  compte  soit  I'ionization 
soit  I'effet  tunnel.  Cette  approche  apporte  une  nouvelle  comprehension  sur  les  roles  respectifs 
de  ces  deux  effets  dans  le  declenchement  du  claquage  et  permet  de  definir  des  regies  de 
construction. 

Abstract  -  The  present  paper  reports  a  study  on  the  breakdown  phenomenon  in  AlGaAs/GaAs 
power  HEMT'S.  It  uses,  on  one  hand,  experimental  results  carried  out  on  various  test  devices  and, 
on  the  other  hand,  modeling  taking  into  account  either  ionization  or  tunneling  effects.  Such  an 
approach  gives  a  new  understanding  on  the  respective  roles  of  these  two  effects  in  the 
breakdown  occurrence  and  allows  to  define  design  rules. 

INTRODUCTION 


AlGaAs/GaAs  High  Electron  Mobility  Transistors  (HEMT's)  are  now  able  to  operate  up  to  7U-80  GHz  for 
small  signal  amplification.  They  have  also  considerable  potential  in  the  fields  of  power  amplification 
provided  a  high  drain  current  and  a  high  breakdown  voltage  can  be  achieved.  The  first  requirement 
can  be  satisfied  by  multiple  channel  structures  (1,  2,  3,  4).  The  second  one  presents  much  more 
difficulty.  Indeed,  high  doping  level  in  AlGaAs  layers  is  necessary  to  get  high  electron  sheet  density  in 
the  quantum  wells,  but  a  great  attention  must  be  paid  to  the  design  of  the  structure  in  order  to  avoid 
excessive  electric  field  values  in  the  gate  vicinity  while  keeping  an  efficient  charge  control  and  a  good 
dynamic  behaviour  under  E.H.F.  operations. 

I  -  TYPICAL  EXPERIMENTAL  HEMT  BREAKDOWN  VOLTAGES 

Figure  la  shows  typical  breakdown  voltages  Vbr  of  conventionnal  single  heterojunction  HEMT's.  As  it 
can  be  noted  Vbr  is  a  decreasing  function  of  the  AlGaAs  doping  level  Np  and  reaches  very  low  values 
above  10'8  cm-3.  Measurements  carried  out  on  multiquantum  well  HEMT's  have  revealed  a  similar 
dependance  on  the  layer  lying  underneath  the  gate.  The  design  of  this  layer  constitutes  a  key  problem 
for  power  HEMT's.  Nevertherless,  a  great  improvement  is  achieved  using  pulse-doped  structures  [5] 
where  a  thin  undoped  AlGaAs  layer  separates  the  gate  from  the  normally  doped  AlGaAs  layer.  As 
shown  in  figure  1b,  such  an  arrangement  can  give  a  breakdown  voltage  of  about  15V  with  only  a 
slight  dependance  on  the  undoped  layer  thickness. 

II  -  MODELING  OF  BREAKDOWN  BY  IONIZATION 

In  answer  to  the  question  about  what  determines  the  above  breakdown  behaviour,  the  first  idea 
coming  in  mind  is  that  of  an  ionization  mechanism.  This  assumption  has  been  investigated  with  a 
numerical  model  that  computes  the  potential  shape  and  gives  the  electric  field  distribution  in  the 
transistor  under  pinchoff  conditions.  This  model  solves  Poisson's  equation  and  current  equation 
together 


V!V(x,  y)  =  -  q/e|Nu(x,  y)  -  n(x,  y)| 

Jn  =  ql-|in.n(x,y)grad  V(x,y)  +  L>ngrad  n(x,  y)|  =  0 

and  then  computes  on  every  electric  field  line  the  ionization  integral  fa  dl,  until  this  one  is  equal  to 
unity.  The  ionization  coefficient  is  expressed  by  a  =  A  exp  -(B/E)c,  E  Deing  the  electric  field  amplitude 

with  A  =  1.8  107  m-i,  8  =  5.75  107V/m,C  =  1.82  for  GaAs. 

and  A  =  4.1  lO^m-i.B  =  108V/m,C  =  2forAIGaAs(x  =  0.26). 

Neglecting,  in  a  first  approach,  the  gate  fringing  effect  and,  therefore,  using  a  one  dimensional 
description  along  the  y  axis  (normal  to  the  gate),  one  obtains  the  results  shown  in  figure  2a,  with 
breakdown  voltages  of  about  35  volt,  for  a  homogeneous  AlGaAs  layer,  whatever  the  doping 
concentration  ana  the  thickness  are.  Similar  results  are  given  in  the  case  of  a  pulse-doped  AlGaAs 
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layer,  as  shown  in  table  2b.  All  these  results  are  far  from  the  experimental  ones  which  indicates  that 
this  one  dimensional  approach  does  not  agree  with  reality.  In  a  second  approach,  we  have  then  used  a 
true  twodimensional  description.  Figure  3  shows  the  results  obtained  for  a  homogenous  AlGaAs  layer. 
A  satisfying  agreement  with  experimental  data  appears  for  Np  <  7  1017  cm-3  but,  above  this  value, 
there  is  a  discrepancy  which  is  more  and  more  important  as  Np  increases.  Applying  the 
twodimensional  treatment  to  the  case  of  pulse-doped  AlGaAs  layers,  we  have  found  results  very 
similar  to  those  of  figure  3,  which  is  somewhat  surprising.  A  detailed  analysis  has  revealed  that, 
despite  important  variations  in  the  electric  field  paths  under  the  major  part  of  the  gate,  the  avalanche 
condition  fadl  =  1  is  always  realized  close  to  the  gate  edge  where  the  electric  field  reaches  very  high 
values  because  of  the  geometrical  singularity  and  exhibits  evolutions  that  depend  only  slightly  on  tne 
layer  arrangement.  This  situation  is  illustrated  with  typical  examples  of  field  configurations  in  figure  4. 

Ill  -  MODELING  OF  BREAKDOWN  BY  TUNNELING  EFFECT 

As  seen  above,  the  gate  edge  is  the  locus  of  very  high  electric  field  values,  so  the  possibility  of 
tunneling  effect  at  the  Schottkcy  contact  must  be  taken  into  account.  Two  cases  have  to  be  considered. 
The  first  one  concerns  homogeneous  doped  AlGaAs  layers  and  the  second  pulse-doped  ones. 

For  the  former  case  the  electric  field  can  then  be  assumed  to  decrease  steeply  in  the  gate  vicinity. 
Therefore  the  emitter  current  can  be  considered  as  a  pure  tunneling  current  (thermionic  contribution 
is  negligible)  and  expressed  by  the  following  relation  derived  from  Padovani  and  Stratton  works  [6] 
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whereA  =  Richardson  constant  in  metal 

W00  =  qft/2  (Np/em*)i/2  0a  =  Schottky  barrier  potential 

Em  =  electric  field  amplitude  at  the  Schottky  contact. 

For  the  latter  case  the  electric  field  can  then  be  considered  almost  flat  near  by  the  gate.  In  this  case, 
the  tunneling  effect  results  from  both  thermionic  and  field  emissions  and  it  can  be  expressed  by  the 
relation  established  by  Chive  et  al  (7]  for  similar  problems. 


Figures  5a  and  5b  show  results  of  computations  carried  out  with  the  above  expressions  assuming 
simply  a  one  dimensional  description.  The  comparison  with  experimental  data  gives  a  satisfying 
agreement  and  shows  clearly  that  the  tuneling  effect  is  dominant  for  heavily  doped  layers  underneath 
the  gate.  A  more  complete  description  would  take  into  account  gate  fringing  effect,  space  charge 
reaction  and  ionization  altogether.  We  are  developping  such  a  treatment.  Preliminary  results  indicate 
that  breakdown  voltages  are  probably  slightly  lower  than  shown  in  Figures  5a  and  5b. 

IV -TEMPERATURE  TEST 

Heating  is  the  commonly  used  test  that  permits  to  distinguish  between  breakdown  by  ionization 
and/or  tunneling  effect.  Indeed,  the  variation  of  the  breakdown  voltage  with  temperature  is  positive 
for  the  first  case  and  negative  for  the  second  one.  We  have  experimented  this  method  on  a  lot  of 
HEMTs,  all  of  them  having  the  uppest  AlGaAs  layer  homogeneous  and  highly  doped.  As  expected, 
heating  has  proved  that  the  involved  breakdown  mechanism  is  undoubtly  the  tunneling  effect.  This  is 
shown  in  Figure  6  with,  for  comparison,  the  corresponding  behaviour  of  a  typical  MESFET  (NE  720) 
indicating  that,  in  this  device,  ionization  is  dominant. 

CONCLUSION 


The  above  analysis  shows  clearly  that  tunneling  effect  instead  of  ionization  is  the  dominant 
mechanism  of  the  breakdown  phenomenon  in  HEMT's  when  the  uppest  AlGaAs  layer  of  these  devices 
is  heavily  doped  (Np  >  7  1017  cm-3).  Therefore,  the  achievement  of  nigh  breakdown  voltages  requires 


that  this  layer  presents  a  pulse-doped  profile  with  a  thin  undoped  (  =  200  A)  zone  underneath  the 
gate.  The  designer  must  pay  great  attention  to  this  requirement  when  optimizing  power  HEMT 
structures. 
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Fig.  1  :  Experimental  Breakdown  voltage  for  conventional  HEMTs  with  an  homogeneous  AIGaAs  layer  (a)  and  for  pulse- 
dqed  HEMTs  (b). 
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Table.  2b :  Calculated  breakdown  voltage  and  maximum 
electric  field  as  a  function  of  the  thickness  of 
the  undoped  AIGaAs  layer  for  a  MIS  HEMT 
structure.  One  dimensional  modeling  that 
only  considers  ionization. 
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fig.  3  :  Calculated  breakdown  voltage  of  a  conventional 
HEMT  as  a  function  of  the  AIGaAs  layer  doping 
concentration  for  two  thickness.  Two  dimensional 
modeling  that  only  considers  ionization. 
Comparison  with  experimental  measurements. 


conventional  HEMT,  for  various  AIGaAs 
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Fio.  4  :  Typical  example  of  electric  field  configuration,  at 
breakdown,  for  a  pulse-doped  HEMT. 


HEMT  structure,  for  various  thickness  of  the 
undoped  AIGaAs  layer. 


Calculated  with  a  modeling 
that  only  considers  tunneling 
effect. 

Measured. 
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fig  6  :  l(V)  characteristic  of  the  Schottky  gale  of  a  GaAs  MESFET  and  a  AIGaAs/GaAs  HEMT  for  two  temperatures. 
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that  this  layer  presents  a  pulse-doped  profile  with  a  thin  undoped  (=  200  A)  zone  underneath  the 
gate.  The  designer  must  pay  great  attention  to  this  requirement  when  optimizing  power  HEMT 
structures. 
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fig,  t  :  Experimental  Breakdown  voltage  for  conventional  HEMTs  with  an  homogeneous  AIGaAs  layer  (a)  and  for  pulse- 
dojed  HEMTs  (b). 


Fia.  2a  :  Calculated  breakdown  voltage  and  maximum 
electric  field  of  a  conventional  HEMT  as  a 
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doping  concentrations.  One  dimensional 
modeling  that  only  considers  ionization. 
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REAL-SPACE  TRANSFER  IN  HETERO JUNCTION  FET ' S  :  MONTE-CARLO  SIMULATION  AND 
ANALYTICAL  MODEL 


M.  MOUIS ,  F.  PAVIET- SALOMON,  P.  DOLLFUS  and  R.  CASTAGNfi 

Institut  d'Electronique  Fondamentale ,  CNRS-UA  22,  University 
Paris-Slid,  F-91405  Orsay  Cedex,  France 


Resume  -  Nous  analysons  les  resultats  tfune  simulation  Monte-Carlo  du  NERFET,  dispositif  a  effet  da  champ  ou  le 
transfert  spatial  des  electrons  du  canal  au  dessus  tfune  heterojonction  permet  tfobtenir  un  effet  da  resistance 
differentielle  negative  (RDN)  sur  le  courant  de  drain.  Sur  la  base  de  oette  simulation,  rous  etablissons  une  expression 
analytique  du  courant  da  transfert  spatial.  Les  r&ultats  obtenus  sent  en  bon  accord  avec  les  rfeultats  de  la  simulation 
Monte-Carlo  sans  qu'il  soit  necessaire  d'introduire  de  parametre  ajusteble. 

Abstract  -  We  present  the  results  of  a  Monte-Carlo  simulation  of  the  NERFET ,  a  field  effect  transistor  where  the  reel- 
space  transfer  of  channel  electrons  over  a  heterojunction  barrier  gives  rise  to  a  negative  differential  resistance  ( NDR) 
effect  on  drain  current.  An  analytical  expression  of  the  reel-space  current  is  built  upon  our  simulation  results.  By  this 
way,  we  construct  an  analytical  model  of  the  NERFET  which  shows  good  agreement  with  Monte-Carlo  results  without  the 
need  of  adjusting  any  parameter . 

1 - Introduction: 

Field-effect  devices  using  conduction  along  a  heterojunction  are  of  growing  interest  for  high  speed  integrated  circuits.  They 
combine  two  advantages:  the  high  electron  density  which  can  be  obtained  in  an  accumulation  or  inversion  layer,  and  a  high 
electron  mobility  which  can  be  achieved  both  because  of  the  high  purity  of  the  active  layer  and  because  of  the  high  quality  of  the 
heteraj unction  interface.  However ,  the  confining  potential  barrier  is  lower  than  in  classical  MISFET's.  In  heterojunction  FET's 
( HFET's),  this  barrier  is  equal  to  the  conduction  band  discontinuity  at  the  interface  and  is  of  the  same  order  of  magnitude  as  the 
kinetic  energy  of  hot  electrons  in  short  devices.  Thus,  hot  electrons  can  transfer  from  the  channel  into  the  barrier 
semiconductor.  This  real-space  transfer  (RST)  can  be  used  in  order  to  obtain  a  negative  differential  resistance  (NDR)  effect  on 
drain  current  as  It  Is  the  case  in  the  NERFET  l’-2l 

2- TlH  WHHM: 

The  active  region  of  the  NERFET  is  shown  in  figure  I -a,  drawn  on  the  basts  of  the  data  in  reference  1.  The  assumed  band 
discontinuity  between  GaAs  and  GaxAl  |  -xAs  (x»0.34)  is  0.3eV.  The  mid-gap  Fermi  level  pinning  at  the  OaAs  surface  is  taken 
into  account  using  the  convenient  surface  charge.  The  source  to  drain  distance  is  L  =  1|sn. 

Ac  it  has  been  pointed  out  by  several  authors  12.3,4]  electrons  in  the  channel  of  submicron  devices  are  strongly  out  of 
equilibrium.  Furthermore,  real-space  transfer  is  governed  both  by  the  energy  and  angular  distributions  of  channel  electrons  and 
by  the  local  conditions  allowing  transmission  over  the  heterojunction  conduction  band  discontinuity.  A  2D  Monte-Carlo 
simulation  is  then  very  well  suited  for  studying  reel-space  transfer,  since  it  accurately  describes  non  stationery  transport 
phenomena  and  two-dimensional  effects.  We  used  the  many-particle  Monte-Carlo  model  which  was  presented  in  a  previous  paper 
l3I.The  motion  of  each  electron  is  divided  into  a  succession  of  random  free- flights  in  the  2D  self-consistent  electric  field  and  of 
interactions  with  lattice  phonons.  Ionized  Impurities  and  alloy  disorder.  For  each  electron  impinging  on  the  Interface,  the 
transmission  probability  is  calculated  with  a  quantum  mechanical  model  which  ensures  the  continuity  of  the  parallel  component 
of  the  wave-vector,  the  continuity  of  the  total  (kinetic+potentiel)  electron  energy  and  the  continuity  of  the  probability 
current!61.  However ,  we  do  not  account  yet  for  a  possible  tunneling  of  electrons  with  an  energy  lower  than  the  conduction  band 
discontinuity. 

In  figure  1  -b,  we  present  the  source,  drain  and  substrate  characteristics  versus  drain  and  gate  voltages.  As  expected,  a  substrate 
current  (due  to  RST)  appears  for  a  given  Vos  value.  For  bias  voltages  where  source  current  saturates,  the  increase  in  substrate 
current  leads  to  a  symmetrical  dBcreeee  in  drain  current  This  induces  the  NDR  effect.  The  electron  flux  through  the 
heterojunction  is  especially  important  at  the  drain  end  of  the  channel,  where  electrons  are  hot.  However,  the  substrate  current 
which  arises  from  RST  is  not  just  related  to  heating  phenomena:  it  Is  shown  In  figure  2  that  the  evolution  of  the  electron  energy 
along  the  channel  for  a  given  Vps  is  not  dependent  on  substrate  voltage,  whereas  I  sub  ie  (fig  l-b).  Several  mechanisms  are 
Involved  and  will  now  be  detailed. 


Substrate 


o 


t  Drain  voltage  V0s  (  V  !  2 


Fig.  I  -  Device  geometry  and  current-voltage  characteristics  deduced  from  Monte-Carlo  simulation. 


Let  us  note  firstly  that  increasing  VSUb  results  naturally  in  a  higher  confining  field  Ei  at  the  upper  GaAs/O^lAs  interface.  This 
implies  modifications  both  in  the  current  saturation  mechanism  and  In  the  amount  of  real-space  transfer.  Figure shows  the 
evolution  of  the  transverse  electric  field  along  the  interface  for  two  values  of  Vsub  under  bias  conditions  leading  to  source 
current  saturation  (Vps  =  IV).  For  the  low  substrate  voltage  (Vsub  =  IV),  E±  becomes  negative  near  the  drain,  causing 
channel  pinch-off  and  moving  hot  electrons  away  from  the  Interface.  For  a  higher  substrate  voltage,  (Vsub  =  2V),  Ei  has  a 
confining  Influence  all  along  the  channel  and  current  saturation  is  due  to  another  mechanism.  From  the  electron  concentration, 
we  find  that  a  dipolar  domain  is  trapped  at  the  drain  N+  region  boundary,  clearly  indicating  a  velocity  saturation  mechanis  e 
l7-0!.  In  the  accumulated  region  of  the  domain,  population  inversion  of  the  electrons  from  the  r  valley  and  the  lateral  valleys 
occurs.  This  allows  the  presenoe  of  hot  electrons,  pertaining  to  the  L  valleys,  neer  the  interface. 


Position  along  the  channel 


Fig.2-Evolution  of  theelectron  energy  andof  the  transverse  electric  field  along  the  channel,  Vwo*a)1V,  b)2V 


Furthermore,  RST  is  easier  for  these  L  valleys  electrons  This  comes  first  from  the  local  conditions  which  allow  the 
transmission  of  an  electron  over  the  conduction  band  discontinuity.  The  transmission  is  impossible  unless  the  kinetic  energy 

associated  with  the  transverse  wave- vector  component  (FT2kj2/2m*  neglecting  non-parabolicity)  exceeds  a  minimum  value  In 
other  words,  an  electron  from  Data  impinging  on  the  interface  with  a  kinetic  energy  c  will  surmount  the  interfacial  potential 
discontinuity  only  if  the  incidence  angle  is  lower  than  a  maximum  angle  8iim(e)  defined  by  sin26|jm*(  t -Atc/C) 
m*(GeA1As)/m*«3eAs)  Due  to  the  barrier  heights  differences,  the  maximum  incidence  in  the  L  valleys  ts  higher  then  in  the  r 
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valley.  Moreover,  in  submicron  devices,  the  velocity  distribution  of  hot  electrons  in  the  r  valley  is  known  to  be  very 
anisotropic,  with  a  main  orientation  parallel  to  the  channel  interface  l4-9).  On  the  contrary,  in  the  l  valleys,  the  velocity 
distribution  of  electrons  is  randomized  by  the  frequent  interactions  between  equivallent  satellite  valleys.  This  again  favours  the 
real-space  transfer  of  previously  k- space  transfered  electrons. 

To  sum  up,  for  the  low  or  medium  substrate  voltages,  the  current  saturation  mechanism  is  involved  In  the  amount  of  reel-space 
transfer:  we  have  shown  that  thermoionic  injection  is  facilitated  by  electron  velocity  saturation  and  by  k- space  transfer, 
whereas  channel  pinch-off  induces  an  antagonist  transverse  field. 


The  basis  of  our  analytical  model  are  derived  directly  from  the  Monte-Carlo  results.  We  saw  that  the  amount  of  RST  is  strongly 
enhanced  when  k-space  transfer  occurs.  Therefore,  we  will  only  investigate  the  case  where  the  source  current  saturation  is  due 
to  velocity  saturation  of  electrons  and  is  associated  with  the  formation  of  a  dipolar  domain  trapped  near  the  drain.  The  substrate 
current  is  mostly  carried  by  electrons  from  the  accumulation  region  of  the  domain  wh)ch  obey  the  transmission  conditions. 
Electrons  in  the  domain  all  belong  to  the  L  valleys  of  the  conduction  band.  Due  to  the  frequent  intervalley  interactions,  they  are 
supposed  to  obey  a  Maxwellian  distribution  (with  a  temperature  Te). 


The  substrate  current  is  calculated  by  adding  the  contributions  of  electrons,  according  to  their  energy  and  to  the  direction  of 
their  velocity.  With  Boltzmann  statistics,  the  number  of  electrons  in  a  range  of  dE  in  the  L  valleys  is: 


dn(e)  =  ^  exp 


j  dc  where  no  is  the  electron  density  in  the  accumulation  domain. 


Within  this  population,  the  electrons  which  have  their  velocity  directed  within  a  differential  solid  angle  around  0 contribute  to 
the  substrate  current  in  the  ratio  of  vj.  =  v2qc/mL*  cos  0.  The  resulting  differential  current  is: 


Here,  2  is  the  device  length  and  l_jj  is  the  length  of  the  accumulated  region  of  the  domain. 

Continuity  equations  in  the  heterojunction  plane  (with  equal  effective  masses  for  electrons  in  the  L  valleys  of  OaAs  and  GaAlAs) 
show  that  an  electron  can  be  injected  in  GWIAs  if  Its  energy  els  greater  than  the  band  discontinuity  in  the !_  valleys  (££&)  and 
if  the  velocity  is  directed  within  a  solid  angle  which  is  defined  by  sin2  0i  jm  =  I  -  ACa/c  Integrating  over  0  and  c  leads  to: 


Considering  that  any  increase  in  Vps  above  the  saturation  value  Vpssat  has  the  effect  of  reinforcing  the  dipolar  domain,  we  obtain 
the  relative  length  of  the  domain  ( L®/L )  by  solving  Poisson  equation  On  the  other  hand,  kTe/q  can  be  determined  using  the  energy 

relaxation  equation.  The  only  unknown  quantity  is  then  not®,  which  accounts  for  the  domain  geometry.  This  geometry  can  be 

specified  for  the  NERFET :  the  domain  is  confined  on  an  almost  constant  thickness  between  the  heterojunction  plane  end  the  surface 
space-charge  layer  resulting  from  the  Fermi-  level  pinning  at  the  Ob^s  surface  The  whole  set  of  equations  can  then  be  expressed 
only  in  terms  of  x  and  of  constant  parameters. 

(fc  *  qnol.1!  aZ  =  x  SC°Cr  —  ACq.  (eV)  (v—t  is  the  saturation  velocity  and  <,  the  energy  relaxation  time) 

0  Vjrt  i c 
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On  the  other  hand,  the  drain  current  is  obtained  as  the  ratio  of  the  stored  charge  (fc  over  the  transit  time  in  the  accumulation 
domain  ( L^vsat)  whereas  the  source  current  is  a  saturated  current  controlled  by  Vsub  with  a  transconductance  gm  Therefore: 

‘D  =  and  'S  =  9m  (Vsub  *  VT)  - 

1  ■> _ 1  -  Lg/L 

Current  conservation  allows  the  determination  of  x.  Figure  3  shows  the  characteristics  obtained  by  using  the  electrical 
parameters  deduced  from  the  simulation  (Z  -  IOOp.m,  gm  -  6.2mS,  Vj  =  0.28V,  Vgssat  *  0.4V).  Remenbering  that  these 
characteristics  are  valid  for  Vps  lying  in  the  range  [VcsseLVes-Vy] .  we  show  the  Monte- Carlo  characteristics  for  comparison. 
The  maximum  error  in  drain  and  source  currents  is  less  than  15*.  This  is  quite  satisfying  since  there  is  no  adjustable 
parameter.  Furthermore  the  intermediate  results  of  the  analytical  model  (Te,  Lj,  Cfc... )  are  found  also  to  correlate  well  with  the 
Monte-Carlo  results. 


15 


_  10 
< 

E 


o 

°  5 


0  1  2 

Drain  voltage  VDS  (V) 

Fig.3-  Comparison  between  the  analytical  (dashed  lines)  and  the  Monte- Carlo  (solid  lines)  characteristics  for  two  values  of  the 
substrate  voltage  ( V^b  =  1 V  and  2V) 

IrftWflWtBn 

We  have  studied  real-space  transfer  in  the  NERFET  using  a  self-consistent  Ensemble  Monte-Carlo  simulation  which  accurately 
describes  the  thermoionic  injection  range.  Based  on  these  results,  we  propose  an  analytical  expression  for  the  RST  current  which 
is  well  correlated  with  our  Monte-Carlo  results. 
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Abstract  -  A  comparison  is  made  of  the  performance  of  silicon  bipolar  and  AlGaAs/GaAs 
Heterojunction  bipolar  technologies  for  high-speed  ECL  circuits.  Gate  delays  are 
calculated  for  state  of  the  art  technologies  using  a  quasi-analytical  equation  which 
expresses  the  gate  delay  in  terms  of  all  the  time  constants  in  the  circuit. 

Transistor  parameters  are  used  as  input  to  the  gate  delay  expression  and  these  are 
calculated  using  either  device  simulation  programs  or  approximate  analytical  ex¬ 
pressions.  A  one  to  one  comparison  is  made  possible  by  the  use  of  an  idealised  but 
realistic,  transistor  layout  compatible  with  both  technologies.  For  an  emitter 
width  of  1pm,  a  collector  current  of  2  x  KPA/cm  ,  and  a  unity  fan-out,  gate  delays 
of  26.9  and  12.3ps  are  predicted  for  silicon  and  AlGaAs/GaAs  technologies 
respectively.  On  scaling  to  0.4pm  geometries,  these  delays  decrease  to  17.2  and 
11.4ps.  The  gate  delay  expression  is  used  to  identify  the  dominant  time  constants 
of  the  circuit,  and  hence  the  most  promising  options  for  process  and  circuit  opti¬ 
misation. 

1)  INTRODUCTION 

The  recent  introduction  of  self-aligned  fabrication  techniques[1 ] ,  [2]  into  silicon  bipolar 
processes  has  led  to  a  dramatic  improvement  in  circuit  performance.  Gate  delays  of  25.8ps 
for  NTL  and  46.3ps  for  CML  ring  oscillators  have  been  reported  [3],  with  divider  operation 
up  to  10.4GHz  [3],  [4].  An  analogous  approach  has  been  used  in  AlGaAs/GaAs  heterojunction 
bipolar  technology,  with  gate  delays  of  14.2ps  being  reported  for  CML  ring  oscillators  [5], 
and  divider  operation  up  to  20.1GHz  [6].  In  view  of  these  similar  circuit  results,  it 
would  clearly  be  of  interest  to  quantify  the  difference  in  performance  for  circuits  with 
identical  geometries,  fabricated  under  equivalent  conditions. 

In  this  paper,  a  quasi-analytical  expression  for  the  gate  delay  of  an  ECL  gate  [7]  is 
used  to  compare  the  performance  of  state  of  the  art  silicon  bipolar  and  AlGaAs/GaAs  hetero¬ 
junction  bipolar  technologies.  Transistor  parameters  are  used  as  input  to  the  gate  delay 
expression,  and  these  are  in  turn  related  to  the  fabrication  data  through  approximate 
analytical  equations  and/or  device  simulation  programs.  The  advantage  of  this  approach 
is  that  it  provides  physical  insight  into  the  dominant  time  constants  of  the  circuit,  and 
hence  is  an  invaluable  aid  to  process  and  circuit  optimisation.  An  idealised,  but 
realistic,  self-aligned  transistor  layout  is  used  for  both  technologies,  thereby  allowing  a 
one  to  one  comparison. 
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2)  PROCESS  AND  DEVICE  CHARACTERISTICS 

Because  silicon  bipolar  and  AlGaAs/GaAs  heterojunction  bipolar  transistors  are  used  in  the 
same  logic  families,  there  is  inevitably  a  high  degree  of  commonality  in  the  processing 
conditions  used  to  fabricate  the  two  types  of  transistor.  This  can  be  seen  in  table  I 
which  summarises  the  fabrication  data  for  state  of  the  art  transistors  [3],  [5].  Of 
particular  interest  are  the  identical  values  of  basewidth  and  collector  doping  concentrations. 
The  major  difference  between  the  two  types  of  device  is  the  very  high  base  doping  in  the 
AlGaAs/GaAs  transistor.  This  is  made  possible  by  the  use  of  a  heterojunction,  where  the 
enhanced  gain  can  be  traded  for-ja  high  base  doping.  Equally  important,  a  lower  emitter 
doping  can  also  be  used  (5  x  10  cm  3),  thereby  avoiding  an  unwanted  increase  in  emitter/ 
base  capacitance. 

The  transistor  geometries  of  silicon  and  AlGaAs/GaAs  transistors  are  determined  by  the 
particular  fabrication  techniques  used  in  their  manufacture.  Although  there  are  major 
differences  between  the  two  technologies,  analogous  self-aligned  fabrication  techniques 
are  used  in  both  cases,  as  can  be  seen  from  the  transistor  cross-sections  in  figure  1. 

It  is  therefore  possible  to  devise  an  idealised  self-aligned  transistor  layout,  which 
makes  possible  a  direct  comparison  between  the  two  technologies.  The  most  critical 
dimensions  are  the  oxide  spacer  width  (or  undercut  of  the  emitter  mesa),  which  determines 
the  value  of  extrinsic  base  resistance,  and  the  area  of  the  extrinsic  collector  region, 
which  determines  the  extrinsic  collector/base  capacitance.  A  spacer  width  of  0.2pm  has 
been  chosen,  and  the  extrinsic  collector  area  has  been  assumed  to  be  equal  to  the  intrinsic 
collector  area. 

Having  decided  upon  a  transistor  layout,  device  simulations  (BIPOLE  in  this  case)  can  be 
used  to  provide  the  important  transistor  parameters,  as  summarised  in  the  bottom  half  of 
table  I.  The  predicted  values  of  fT  of  54  and  20GHz  are  in  good  agreement  with  measured 
values  of  55  and  17.1  GHz  [5],  [4],  thereby  confirming  that  the  process  parameters  in  table 
I  are  reasonable  for  state  of  the  art  transistors.  It  is  also  interesting  to  note  that 
the  peak  f,  occurs  at  a  higher  collector  current  for  the  AlGaAs/GaAs  transistor.  This  is 
probably  caused  by  the  suppression  of  high-level  injection  effects  in  the  base  of  the  hetero¬ 
junction  device,  due  to  the  higher  base  doping. 

3)  ECL  GATE  DELAY 

From  the  electrical  data  in  table  I,  the  transistor  parameters  can  be  evaluated  using 
standard  textbook  expressions,  and  hence  the  gate  delay  calculated  from  the  weighted  sum  of 
all  the  time  constants  of  the  circuit  [7].  The  results  are  summarised  in  table  II  for  an 
ECL  circuit  incorporating  identical  transistors  with  an  emitter  geometry  of  1 .0  x  4.0  pnr 
operating  at  a  collector  current  density  of  2  x  10^  A/cm  .  The  predicted  gate  delay  of 
12.3  ps  for  the  AlGaAs/GaAs  transistor  is  in  good  agreement  with  the  measured  value  of 
14.2  ps  obtained  by  Chang  et  al  [5]  on  CML  ring  oscillators  fabricated  under  similar 
conditions  to  those  in  table  I.  For  silicon  technology,  a  gate  delay  of  26.9  ps  is 
predicted,  which  is  approximately  2.2  times  slower  than  heterojunction  technology. 

From  the  results  in  table  II,  it  is  a  simple  matter  to  identify  the  limiting  time  constants, 
and  hence  gain  a  valuable  insight  into  how  the  process  might  be  improved.  For  the  silicon 
transistor,  there  is  no  single  dominant  time  constant,  which  implies  that  the  transistor  is 
well  optimised,  and  that  scaling  to  sub-micron  geometries  would  be  the  most  effective  way  to 
improve  performance.  For  the  AlGaAs/GaAs  transistor,  tie  largest  time  constants  are  the 
forward  transit  time  and  the  load  resistance  terms.  These  latter  terms  could  be  decreased 
by  operating  the  transistor  at  a  higher  collector  current.  This  is  possible  for  the  hetero¬ 
junction  transistor,  since  the  peak  f,  is  maintained  up  to  a  collector  current  density  of 
4  x  10^  A/cm.  The  results  of  this  modification  are  illustrated  in  figure  2,  along  with 
predictions  of  the  gate  delay  as  a  function  of  fan-out.  It  can  be  seen  that  the  increase 
in  collector  current  has  given  rise  to  the  expected  improvement  in  gate  delay,  with  the  gate 
delay  for  unity  fan  out  decreasing  to  8.6  ps.  This  is  a  factor  of  3.1  times  faster  than 
that  obtained  for  silicon. 

Scaling  the  emitter  width  to  sub-micron  geometries  is  the  most  obvious  way  of  reducing  the 
capacitances  associated  with  bipolar  transistors  and  hence  improving  the  performance.  The 
results  of  this  procedure  are  summarised  in  figure  3  for  an  ECL  circuit  incorporating 
0.4  x  4.0  unr  transistors.  A  comparison  with  the  results  in  figure  2  indicates  a  marked 
improvement  in  the  gate  delay  for  silicon  technology;  17.2  ps  compared  with  26.9  ps  at  a 
geometry  of  1  pm.  This  has  come  about  largely  through  a  reduction  in  the  intrinsic  and 
extrinsic  base  resistance  time  constants.  In  contrast,  scaling  the  emitter  width  of  the 
AlGaAs/GaAs  transistor  has  given  only  a  marginal  improvement  in  the  gate  delay;  11.4  ps 
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compared  with  12.3  ps.  This  can  be  explained  by  noting  that  the  reductions  in  capacitance 
obtained  by  scaling  have  been  offset  by  increases  in  the  series  resistances.  This  has 
occurred  because  contact  resistance  is  the  dominant  component  of  most  of  these  resistances, 
and  contact  resistance  increases  as  geometries  are  reduced.  Effective  scaling  of  AlGa^s/  2 
GaAs  transistors  therefore  requires  lower  contact  resistances  than  the  value  of  7  x  10  I2cm 
used  in  this  work. 
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Cross-sectional  views  of  silicon  bipolar  and 
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PROCESS/DEVICE  PARAMETER 

A16a  As/GaAs 
TECHNOLOGY 

SILICON 

TECHNOLOGY 

Emitter  doping  cm  3 

S  x  1017 

3  x  10Z0  peak 

Base  doping  cm  3 

1  x  1020 

5  x  1017  peak 

Collector  doping  cm*3 

6  x  1016 

6  x  tO16 

Basewidth  pm 

0.06 

0.06 

Intrinsic  base 
sheet  resistance  kft/sq 

0.17 

10.1 

Peak  fT  (Vce*1.SV)  GHz 

54 

20 

2 

Ic  for  peak  fj. 

2-4  x  !04 

1-2  x  104 

Forward  transit  time  ps 

2.6 

5.0 

Table _ 1 

Process  and  device  parameters  for  state  of  the 
art  transistors 


Fig._2  Propagation  delay  as  a  function 
of  fan-out  for  silicon  bipolar 
and  AlGaAs/GaAs  heterojunction 
bipolar  ECL  circuits.  ~  Emitter 
geometry  =  1.0  x  4.0pm  ,  logic 
swing  =  0.4V 


TIME  CONSTANT 

PROPAGATION  DELAY  ps 

AlGa As/GaAs 

TECHNOLOGY 

SILICON 

TECHNOLOGY 

V 

3.12 

6.00 

rb1Cjc1 

0.03 

1.86 

rb1^je 

0.02 

1.12 

rbicd 

0.04 

4.07 

rbxCjc1 

0.11 

1.07 

rbx^jcx 

0.10 

1.01 

rbx^je 

0.06 

0.76 

rbxCd 

0.13 

2.50 

\CJd 

1.40 

1.40 

RlCjcx 

1.90 

1.90 

"lCJ. 

0.75 

0.90 

\CL 

3.00 

3.00 

TOTAL 

12.3 

26.9 

Fig._3  Propagation  delay  as  a 
function  of  fan-out  for 
silicon  bipolat  and  AlGaAs/ 
GaAs  heterojunction  bipolar 
ECL  circuits 

Emitter  geometry  =  0.4  x  4.0 
pm?,  logic  swing  =  0.4v. 


Table.J 

Dominant  components  of  the  propagation  delay  for  ECL 
circuits  incorporating  1.0  x  4.0pmz  transistors 
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ResumE  -  Les  performances  en  commutation  d’un  transistor  bipoiaire  k  hetErojonction 
GaAIAs/GaAs  (TBH)  sont  examinees  dans  le  cadre  d’une  application  logique  ECL  k  partir 
d’un  module  de  type  schema  Electrique  Equivalent.  Ce  module  a  EtE  valide  k  l’aide  de  resul- 
tats  experimentaux.  L’influence  sur  le  temps  de  propagation  des  paramEtres  de  couche,  des 
rEgles  de  dessin  et  des  procEdEs  technologiques  est  EtudiEe.  Les  simulations  montrent 
l’existence  d’un  optimun  a  la  fois  sur  l’Epaisseur  de  base  et  sur  la  largeur  du  doigt 
d’Emetteur.  Finalement  la  technologie  la  mieux  adaptEe  aux  performances  ultimes  se  rEvele 
etre  la  technologie  mEsa. 

Abstract  -  The  switching  performance  of  GaAIAs/GaAs  n  -  p  -  n  Heterojunction  Bipolar 
transistors  (HBT)  has  been  investigated  for  Emitter  Coupled  Logic  (ECL)  circuit  operation 
using  a  CAD  model  witch  has  been  validated  by  experimental  results.  Switching  time  is  dis¬ 
cussed  in  conjunction  with  layer  parameters,  design  rules,  and  technological  process.  The 
simulation  shows  the  existence  of  an  optimun  both  for  the  base  thickness  and  the  emitter 
width.  Finally  Mesa  process  give  lower  switching  time  than  the  implanted  one. 


1  -  INTRODUCTION 

The  HBT  offers  a  unique  combination  of  advantages.  It  drawns  on  existing  bipolar  logic  integrated  circuit 
design  and  performances,  the  speed  of  GaAs  and  the  gain  enhancement  of  a  wide  band  gap  emitter.  The 
aim  of  this  paper  is  to  optimize  the  HBT  structure  /1,2/  and  process  parameters  in  order  to  find  the  mini- 
mun  delay  time  taking  into  account  the  technological  state  of  the  art.  In  this  study  the  propagation  delay 
time  is  the  only  investigated  parameter.  A  single  -  stage  ECL  gate  was  employed  as  a  vehicule  for  the  simu¬ 
lation  work.  The  logic  swing  is  400  mV,  and  the  current  across  the  current  source  is  2  mA. 

This  work  can  be  of  a  great  interest  in  order  to  drive  process  investigations,  find  ultimate  performances 
compatible  with  technolgical  process,  find  the  best  advanced  process. 

The  HBT  has  been  chosen  because  is  is  a  very  fast  device.  Maximun  available  frequency  up  to  150  GHz 
/3/,  divider  by  four  toggling  at  22  GHz  /4/  and  switching  time  below  5  ps  with  ECL  logic  / 5/  have  been 
reported,  thus  verifying  the  high  potential  of  HBT.  The  HBT  have  also  high  driving  capability  at  low  cur¬ 
rent  and  good  threshold  reproducibility.  This  advantages  come  from  the  bipolar  device,  the  high  mobility  of 
the  gallium  arsenide  material  and  the  possibilities  given  by  emitter  base  heterojunction  and  deep  proton 
implantation.  The  epitaxial  technique  permits  to  have  base  grading,  and  modified  collector  structure  which 
decreases  the  total  transit  time. 

Emitter  coupled  Logic  has  been  chosen  for  the  developement  of  the  digital  circuit  in  our  laboratory  because 
it  is  the  fastest,  it  have  a  good  nose  marging  and  it  is  widely  used  in  silicon  bipolar  circuit  design. 
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The  methodology  used  for  the  simulation  is  the  following  :  the  standard  HBT  fabricated  in  our  laboratory  is 
chosen  has  the  starting  point  of  the  simulation  work,  the  influence  on  propagation  delay  time  of  each  para¬ 
meter  separately  is  studied.  Finally  a  global  optimisation  of  the  ECL  gate  is  performed.  The  parameter  have 
been  shared  in  three  classes  :  layer  parameters,  design  rules  and  technological  process.  The  last  parameter 
permits  to  choose  the  advanced  process  which  will  be  used.  Figure  1  presents  the  schematic  drawing  of  the 
standard  GaAlAs/GaAs  HBT  developed  in  our  laboratory.  This  structure  is  now  used  in  the  fabrication  of 
integrated  circuit  /6/.  In  order  to  have  a  good  yield,  the  dimensions  are  quite  still  large  in  particular  the 
emitter  base  distance  is  4  um  while  the  emitter  finger  metallization  size  is  3  X  8  um^.  On  this  device,  the 
base  is  contacted  from  the  surface  through  the  emitter  layer  by  use  of  a  Mg  implantation.  The  base  doping 
level  is  only  5  10^®  cm  -  3  in  oiuer  to  avoid  Be  diffusion  during  the  implantation  annealing. 

For  the  logic  gate  simulation  work,  a  large  signal  CAD  model  111  based  on  the  well  known  Ebers  Moll 
model  has  been  developed.  In  order  to  reproduce  the  behaviour  of  the  HBT,  external  diodes,  recombination 
diodes  and  external  resistance  are  added.  The  input  parameters  of  this  model  are  the  layers  parameters,  the 
design  rules  and  the  technological  process.  This  model  has  been  widely  validated  by  comparison  with  experi¬ 
mental  results  obtained  either  in  our  laboratory  or  already  published. 

2  -  LAYER  PARAMETERS  OPTIMIZATION 

2  -  1  Doping  levels  optimisation 

Figure  2  shows  the  variation  of  the  propagation  delay  time  versus  the  different  doping  levels.  On  each  curve 
the  dot  represents  the  reference  data  parameter  which  corresponds  to  a  delay  time  of  about  160  ps.  These 
curves  show  that  the  delay  time  decreases  when  the  emitter  and  collector  doping  levels  raise  and  the  base 
doping  level  falls.  Such  variation  can  be  easily  explained  by  decrease  of  the  junction  capacitances  when  the 
emitter  and  collector  doping  levels  decrease;  on  the  other  hand,  the  base  resistance  decreases  when  the  base 
doping  level  increases.  Some  interesting  information  can  be  deduced  from  these  curves.  Firstly  the  base 
doping  level  is  the  most  interesting  parameter  on  switching  speed,  secondly  there  is  no  significant  change  in 
switching  speed  for  emitter  and  collector  doping  levels  smaller  than  2  10'°  cm-''' 


Hfa  .  2  1Q1«^ c»-l  To.;  y 


He  •  7  1017  cm-> 

0.35  pm 

Ng  •  J  10H  C»->  i 

0.1  um 

"Ttjf- TiToBTi-7  ; 

0.45  pm 

Nc!  •  2  1018  c»->  I 

0.5  pm 

Figure  1  Schematic  drawing  of  the  standard  Figure  2  Variation  of  the  propagation  delay  time 
GaAlAs/GaAs  HBT  developed  in  our  laboratory.  versus  the  different  doping  levels. 


2-2  Layers  thickness 

The  next  step  is  devoted  to  the  study  of  thickness  influence.  The  important  point  is  the  existence  of  an  opti- 
mun  for  the  base  layer  layer  thickness  which  is  in  this  case  0.4  um.  This  results  of  the  opposite  effects  of 
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this  thickness  on  the  base  resistance  and  on  the  base  transit  time.  At  a  thickness  of  0.4  um  the  current  gain 
is  very  low  and  the  ouput  signal  may  be  fall  down  for  a  fan  out  different  to  zero.  So  similar  computation  is 
performed  with  a  fan  out  at  1.  The  results  are  the  same.  The  others  thicknesses  have  no  significant  influence 
on  the  switching  performances. 

2-3  Global  optimization 

Combining  the  previous  optimizations  of  doping  levels  and  layer  thickness,  the  result  of  a  global  optimiza¬ 
tion  is  shown  on  figure  3.  By  use  of  a  base  doping  level  of  5  10^  cm  -  emitter  and  collector  doping 
levels  of  2  10^®  cm'^,  the  propagation  delay  time  has  been  reduced  from  160  ps  to  less  than  28  ps. 
Furthermore,  if  the  base  thickness  is  optimized  as  shown  previously,  the  delay  time  can  be  as  low  as  20  ps 
using  the  large  design  rules  of  the  reference  HBT. 

3  -  DESIGN  RULES  OPTIMIZATION 

Figure  4  represents  the  influence  of  the  design  rule  on  delay  time.  The  most  important  parameter  is  the  dis¬ 
tance  between  the  emitter  and  the  base  implantation  because  it  directly  influences  the  external  base 
resistance.  The  second  important  parameter  is  the  emitter  metalization  width.  Beyond  two  microns,  its 
reduction  doesn’t  reduce  the  transit  time.  This  result  is  important,  because  high  performance  HBT  can  be 
processed  with  conventionnal  lithography  for  ohmic  contact  realization.  The  two  others  distances,  lateral  dif¬ 
fusion  of  the  implantation  and  the  distance  between  emitter  contact  and  mesa  have  a  very  low  influence  on 
the  delay  time.  This  is  due  to  the  weak  influence  of  the  emitter  base  and  collector  base  capacitance  on  the 
delay  time. 


Figure  3  Global  optimization  of  layers  Figure  4  Influence  of  the  design  rule  on  delay  time, 

parameters. 


4  -  TECHNOLOGICAL  PROCESS  OPTIMIZATION 

Previous  simulation  have  shown  that  the  base  resistance  is  one  of  the  most  important  parameter  for  reducing 
the  delay  time.  In  order  to  reduce  the  base  emitter  distance,  self- aligned  processes  can  be  used.  The  first 
one  can  be  achieved  by  use  of  a  refractory  emitter  metallization  which  is  used  as  a  mask  for  the  base 
implant.  The  base  acces  resistance  is  reduced  by  this  way.  Unfortunaly  it  presents  the  common  disadvantage 
for  all  implanted  technology  to  limit  the  value  of  the  base  doping  level.  The  second  one  is  to  use  the  emitter 
metallization  to  as  a  mask  to  etch  the  emitter  layer  and  to  obtain  the  self  aligned  double  mesa  technology. 
Its  main  difficult  is  the  selective  etching  of  the  GaAlAs/GaAs.  In  order  to  increase  the  performances,  a  deep 
proton  can  be  added  into  the  external  collector  region  which  reduces  the  capacitance  in  this  region. 

On  the  table  1  are  reported  the  optimized  propagation  delay  times  for  various  processes  with  and  without 
deep  proton  implantation.  All  process  present  very  close  results.  The  delay  time  of  a  non  self- aligned  HBT 
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process  with  very  high  base  doping  level  (2  10^0  cm  “  3)  js  lower  than  both  the  implanted  self- aligned  pro¬ 
cess  and  double  mesa  self- aligned  with  base  doping  level  smaller  than  5  10^®  cm  ~  3  -phe  better  result  (7.7 
ps)  is  obtained  with  the  double  mesa  self- aligned  process  with  deep  proton  implantation.  For  all  process  the 
delay  time  pourcentage  between  the  HBT  process  with  and  without  deep  proton  does  not  exceed  18  %. 


Technological 

process 

Berne 

doping 

(c«- 3) 

Emitter  beee 
distance 
(eicroni) 

Daley  tine 
without 
deep  proton 
lap  1  an  t  et  ion 
(pa) 

Daley  ties 
with 

deep  proton 
lap lent at ion 

(pa  ) 

Xaplanted 

101* 

1 

Id. 7 

13.9 

laplantad 

aalf-allgned 

1019 

0.2 

13.5 

11.5 

Double 

5.1019 

1 

13.7 

11. S 

■see 

2 . 10*° 

1 

10.7 

B.9 

Double 

5.1019 

0.2 

11.6 

9.6 

•alf-alignad 

2.10*0 

0.2 

9.3 

7.7 

Table  1  Optimized  propagation  delay  times  for  various  processes  with  and  without  deep  proton  implantation. 
5  -  SUMMARY 

Emitter  coupled  logic  gates  is  simulated  and  the  influence  on  the  delay  time  of  each  parameter  is  given.  The 
major  parameters  are  the  base  doping  level  and  the  emitter  base  distance.  There  are  two  parameters  which 
present  an  optimun  value  :  the  base  thickness  and  the  emitter  width.  The  emitter  and  collector  doping 
levels,  the  self  aligned  process,  the  deep  proton  implantation  have  a  quite  relative  influence.  Finally  the  mini- 
mun  value  of  the  transit  time  (7.7  ps)  is  obtained  by  double  mesa  technology  with  very  high  base  doping 
level. 
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MICROWAVE  POWER  GaAs/AlGaAS  HETEROJUNCTION  BIPOLAR  TRANSISTOR  MODELLING 

J.G.  METCALFE,  R.C.  HAYES,  A.J.  HOLDEN  and  A.P.  LONG 

Plesse y  Research  Caswell  Ltd.,  Caswell,  Towcester,  Nor than t s. , 
GB-NN22  8EQ,  Great-Br ltain 


Abstract.  -  A  hiah  Dower  hetero.iunct  ion  bipolar  transistor  has  been  desiqned 
and  fabricated.  A  model  of  this  transistor  has  been  developed  for  the  SPICE 
simulation  oackaae.  A  oroaram  has  been  written  to  use  SPICE  to  run 
simulations  on  the  model  and  calculate  matchina  conditions  for  ootimum 
out.out  power. 


The  aim  of  this  work  was  to  model  HJRT  power  transistors  and  demonstrate  thefr 
advantaae  ever  Si  bipolar  and  GaAs  MESFETs.  Microwave  power  transistors  have 
traditional 1v  been  of  two  tvoes:  Si  hioolar  for  hioher  power  applications  and 
Ga*s  FETs  for  hiaher  freauenev.  In  aoplications  such  as  radar  systems  at  X-band 
and  above,  both  hiah  power  and  hiah  freauencies  are  reauired  and  the  GaAs/AlGaAs 
bipolar  hetero.iunct  ion  transistor  offers  a  discrete  device  solution  in  these 
areas  [1], 

Microwave  power  hetero.iunct. ion  hioolar  transistors  have  been  fabricated  from 
hiah  uniformity  mocvd  GaAs/AlGaAs  layers  arown  on  ?  inch  n+  substrates.  A 
multiple  int.erdiaitated  emitter-base  arranaement  is  used  to  achieve  hiah 
current  operation  fFiq.  l).  The  collector  contact  is  formed  on  the  back  of  the 
thinned  wafer.  Rase  and  isolation  implants  are  used  to  maintain  a  near  planar 
surface  aeometrv  for  the  transistor.  A  )<ev  element  of  the  transistor  desian  is 
the  use  of  an  extended  metal  contact  scheme  to  eliminate  debiasina  of  the  lonq 
emitter  strioes  (4p  x  lOflp). 

We  have  developed  a  larae  sianal  model  for  the  power  GaAs  HJ8T  to  run  in  the 
SPICE  circuit  simulation  oroaram.  This  is  based  on  Plessey's  established  SPICE 
binolar  model  and  has  been  fitted  to  measurements  made  from  prototype  devices 
manufactured  at  Caswell. 

The  SPICE  model  is  shown  in  fiqure  ?.  The  transistor  is  biassed  at  a  desired 
collector  current  and  collector-base  voltaae  by  means  of  the  two  current  sources, 
the  use  of  which  allows  converqence  of  the  output  power  in  a  low  number  of 
periods.  The  matchina  is  achieved  bv  series  resistor.  Inductor  and  capacitor 
elements  on  the  input  and  output  circuit  (Flq.Pa).  The  basic  SPICE  transistor 
model  has  been  enhanced  bv  includina  distributed  and  non-ideal  effects 
aoorooriate  for  a  larae  transistor  structure  fFfq.?b). 

Provided  that  heat  dissipation  is  not  a  problem  {pulsed  operation),  the  main 
limitations  on  the  biassina  of  the  transistor  and  hence  the  available  output 
power  are  the  collector-base  breakdown  voltaae  and  the  maximum  collector  current 
determined  bv  the  kirk  effect  In  the  collector.  The  maximum  collector  current 
density  is  set  at  Sxin4A/cm2  bv  hiassino  Ic  to  half  that  value  (Fiq.?a).  This 
value  aarees  with  theoretical  considerations  and  device  measurements.  The 
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breakdown  condition  Is  modelled  bv  a  separate  SPICE  sub-circuit  (Fig. 2c).  It  is 
modelled  as  an  avalanche  effect;  the  relationshlDS  between  the  labelled  values  in 
the  diaaram  are: 


Ij  =  v”R  x  I<-(diode) 

7— 


!CB  =  !2  x  !C 

Ts  (diode) 


!CR  +  !C  = 


1_(VCR/VRr' 


The  value  of  the  breakdown  voltaae  V  was  taken  as  27V  and  the  uower,  N,  as  5  bv 
fltt. ina  to  measurements  of  ODen  base  and  open  emitter  breakdown  voltaqes. 

The  ob.iect  of  the  model  lino  is  to  predict  the  values  of  input  and  output 
impedance  which  aive  optimum  output  power.  The  proaram  starts  with  values  of 
input  and  outout  impedance  and  calculates  the  output  power  at  ldB  aain 
compression.  The  impedances  are  varied  and  the  maximum  power  is  found  usinq  a 
minimisation  routine.  The  ldB  qain  compression  point  is  found  each  time  by  using 
a  root  findina  routine  and  comparino  the  oain  with  the  maximum  value  achieved. 

The  outout  power  is  determined  bv  usina  SPICE  to  simulate  the  circuit  and 
determining  the  Fourier  comoonent  of  the  outout  voltaae  waveform  at  the  freauency 
of  interest.  The  curve  of  aain  aaainst  input  power  at  the  optimum  impedance  is 
shown  in  fiaure  3;  the  kink  in  the  reaion  30dRm,  5.3dB  is  due  to  the  influence 
of  the  breakdown  effect. 

The  model  currently  predicts  a  power  density  of  4.3W/mm  of  emitter  periphery  for 
common-emitter  operation  at  10  GHz,  which  is  consistant  with  [l].  This  compares 
with  up  to  lW/mm  available  from  conventional  power  MESFETs  and  a  freauency  limit 
of  3GHz  for  power  Si  bipolar.  The  real  part  of  both  the  input  and  outout 
impedances  was  calculated  to  be  3.5  and  5.4ohms  respectively,  for  a  1.2  mm 
periphery.  This  simulation  was  performed  with  the  transistor  in  the 
common-emitter  configuration  (Fiq,2A)  and  operating  as  class  A  amplifier,  though 
the  model  can  be  used  with  any  common  terminal  and  in  any  class. 

This  work  demonstrates  the  advantaae  of  the  GaAs/AlGaAs  HJBT  and  shows  that  it  is 
possible  to  successfully  model  its  operation  and  desiqn  appropriate  matching 
networks. 
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Figure  2a  Biassed  and  Matched  Transistor -Common  Emitter 
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Figure  2b  Enhanced  SPICE  Transistor  Model  including  Breakdown 


Figure  2c  X  -SPICE  Breakdown  Circuit 
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BESIIIIF  L etude  i  faible  polarisation  d  une  diode  n*nn4  GaAs  A  profil  de  dop&ge  reel  montre.  par 
comparaison  entre  le  bruit  experimental  et  le  bruit  modelise  que  la  meconnaissance  actuelle  de  la  variation 
precise  du  coefficient  de  diffusion  DIE),  en  fonction  du  champ  eiectrique  E.  peut  conduire  a  une 
modeiisation  erronnee.  en  particulier  des  caracteristiques  de  bruit  de  composants  GaAs  Les  profils  de 
champ  eiectrique  et  de  densite  de  porteurs  libres.  sont  etudies  e  gale  men  l  en  mode  doscillations  Gunn 

ABSTRACT:  By  comparing  experimental  and  modelled  noise  results  of  s  n*nn*  GaAs  diode  we  show  that  the 
lack  of  precise  knowledge  on  the  variation  of  the  diffusion  coefficient  D(E).  versus  the  electric  field  E.  may 
lead  to  erroneous  predictions,  in  particular  as  concerning  the  noise  behaviour  of  GaAs  devices  The  electric 
field  and  free  carrier  density  profiles  are  also  studied  in  Gunn  oscillation  operating  regime 


1. INTRODUCTION: 

In  spite  of  numerous  studies  of  hot  carriers  in  GaAs.  the  variation  of  the  diffusion  coefficient  DIE),  versus 
the  electric  field  E  is  not  well  known  (111  to  HI)  The  aim  of  this  paper  is  to  demonstrate  that  this  may  lead  to 
erroneous  prediction  of  the  behaviour  of  devices,  particularly  as  concerning  noise  characteristics  For  this 
purpose,  we  shall  model  the  simple  but  realistic  case  of  n’nn’  diodes,  with  adoping  profile  ND(x) 


2,-STEAPY  STATE  JPBAFACTERISncS: 

The  devices  modelled  are  about  10  ftm  long  Then  the  classical  transport  equations  may  be  used,  we  do  not 
need  using  the  dynamic  equations  for  submicron  devices,  but  one  should  of  course  take  into  account  hot  carrier 
effects!  The  total  current  Ht)  is  then  the  sum  of  drift  diffusion,  anu  displacement  currents  With  obvious  standard 
notations,  this  writes,  with  q  -  *1  6X10~l9Cb,  V(x-0)*0.  V(i-L)-Vt.>0,  E(x)<0.  vlE(x)!>0. I>0 

dn(x.t)  OE(x.t) 

Kt)  -  q  nlx.t)  v[E(x.t)l  A  -  q  A  DlE(x.t)] - -  C  A -  (1) 

dx  dt 


dE(x.t)  q, 

- =  ^!n(x  tl-Nfllx)! 

dx  C 


(2) 


Eliminating  nlx.t)  gives  eq  (3).  where  v  and  D  stand  for  viE(x.t);  and  DIElx.t)] 

dE  d*E  dE  q  ,  ,  qDdNo(x)  Ht) 

—  -  -  D  — -  ♦  v  —  ♦  *  v  Nnli)  - jf —  -  — 

dt  dx2  dx  e  Z  dx  eA 

In  the  present  section,  we  are  interested  in  studying  the  steady  state  regime  (®E/9t=0)  We  drop  the  diffusion 
current,  we  found  negligible  From  eq  (3).  we  get  then  the  electric  field  profile  Eq(x)  as  a  solution  of 


(3) 


CAvIEofx)!®^' 


q  A  Npli)  v(Eolx)]  *I0 


(4) 


The  diode  extends  from  x-0  to  x-L  These  points  should  be  chosen  far  enough  inside  the  n*  electrodes,  so  that 
the  conduction  is  ohmic  at  x-0  and  at  x-L  One  should  then  have,  since  NqIx-O)  -Nd(x-L) 


Eo(i-O)  -  Eo(x-L)  =  I0  /  Iq  A  ND<x-0)  m,(0)l  (5) 

The  first  order  differential  equation  (4)  was  solved,  for  a  given  value  of  the  bias  current  Io.  using  a 
predictor-corrector  method,  with  the  initial  condition  given  by  eq.  (?)  The  characteristic  field  Ec  and  the 
saturation  drift  velocity  v,  of  the  v(E)  law  16).  were  taken  as  Ec  •  4  kV/cm  and  vf  ■  1  1X107  cm/s  The  discretization 
step  Ax  was  not  constant  The  commercially  available  diode  presented  here,  labelled  G2.  had  an  active  thickness  of 
10  6  |im  The  origin  x-0  and  the  extremity  x-L  were  taken  2  |tm  far  from  the  n*n  junction,  hence  L-14  6  fun  The 
diameter  was  12?  ftm.  the  ohmic  resistance  Rq-11 A.  the  ohmic  mobility  flo*4&00  cm2/Vs 

Figure  1  shows  the  doping  profile  of  the  diode  G2.  so  as  the  electric  field  profiles  obtained  at  different  d  c 
current  biases  The  electric  field  intensity  always  exhibits  a  spike,  even  at  low  bias 
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As  shown  figure  2.  the  agreement,  between  the  experimental  and  the  computed  I0(V0)  characteristics,  is 
excellent  at  every  bias  below  the  Gunn  oscillation  threshold 


3.  GUNN  EFFECT: 

For  bias  current  higher  than  200  mA,  oscillations  appeared  It  was  then  interesting  to  model  them,  since  we 
had  the  tools,  although  a  lot  of  work  has  already  been  done  in  that  field  (see  for  example  [6  j) 

For  modeling  the  Gunn  effect,  one  should  take  into  account  the  output  circuit,  namely  a  voltage  supply  eK(t) 
in  series  with  a  resistor  R  The  time  dependant  regime  is  governed  by  eqs  (3),  where  E  *  E(x,t),  and  eq  (6): 

V(t)  =  -  j  E(i.t)  dx  and  V(t)  =  es(t)  -  RI(t)  (6) 

0 

eg(t)  was  assumed  to  be  linear  with  t,  from  0  at  t=0  to  Eg  at  time  100  ps,  and  then  constant  If  the  electric  field  profile 
E(x,.t)  is  known,  at  each  point  Xj.  at  a  given  time  t,  a  numerical  integration  gives  V(t).  then  I(t)  (eq  (6))  A  fourth 
order  predictor-corrector  method  gives  then  E(xj.t*At).  since  the  right  hand  side  of  eq  (3)  is  numerically  known 
The  electric  field  profile  at  t*0  is  solution  of  eq  (3),  where  I(t*0)  -0  and  3E/dt-0,  with  the  boundary 
conditions  given  by  eqs  (5)  and  (6)  This  system  can  be  easily  solved  using  a  double  sweep  iterative  method 

As  an  example,  results  obtained  in  the  Gunn  oscillation  regime  are  displayed  figure  3  The  free  carrier 
density  profiles,  dra^e  every  10  ps  on  fig  3a  ,  show  the  formation  and  the  propagation  of  domains,  and  fig  3b 
shows  the  time  evolution  of  current  through  the  diode 

As  a  comparison,  we  show  figure  4  the  same  quantities  for  a  diode  with  a  uniform  doping  profile  in  the 
active  n  region  the  domains  form  in  that  case  in  a  much  more  regular  way  than  in  the  real  diode  (compare  fig  4a 
and  fig  3a)  As  a  consequence,  the  current  in  the  diode  with  a  uniform  doping  (see  fig  4b)  is  much  more 
sinusoidal,  with  a  period  better  defined 


UQISE  MODELING  AT  LOW  BIAS: 


We  are  interested  in  modeling  the  Tow  frequency"  noise,  ie  at  frequency  lower  than  100  GHz, 
corresponding  to  lime  constants  much  larger  than  the  dielectric  relaxation  lime  below  the  Gunn  oscillation 
threshold  then  we  start  again  from  eq  (3)  and  we  apply  the  impedance  field  method  (71  First  eq  (3)  writes,  when 
neglecting  the  diffusion  and  the  displacement  currents 

,  dE(x.t)  ’ 

e  A  v[E(x  t)I - ♦  q  A  Nd<*'  v(E(x,t)l  =  I(t)  (7) 

dx 


One  then  sets  I(t) « I0  ♦  Slexptiox)  and  E(x.t)  *  Eo(x)  *  $E(x)exp(iut)  These  expressions  are  carried  into  eq  (9)  The 
zero  order  terms  give  back  eq  (4)  The  first  order  terms  give 

dSE(x)  .  ln  dvn 

a(x)— -7— -*  b(x)6E(x)  =51(x)  with  a(x)-cAv0  and  btx)*-2^  (8) 

ui  vp  ato 

The  quantities  a(x)  and  b(x)  are  known,  numerically,  from  section  2  above  The  Green  function  of  eq  (9)  can  then 
be  found,  leading  to  the  impedance  field  9Z(x  ),  given  as 

L  1 

VZ(x')  a(k)  I [  K(x.x’)  dx  with  K(x.x')  =exp-  j  du  (9) 

X  x 

The  differential  impedance  Z  ,  the  noise  voltage  Sy  and  the  noise  current  Si  for  diffusion  noise,  are  then  given  by 
L  L 

Z  -  j  VZ(x)  dx  ,  Sv -4  q2  A  j  |VZ(x )l2  n0(x)  D0(i)  dx'  and  S|-SV/IZI2  (10) 

The  variation  of  the  differential  impedance  Z,  versus  the  bias  current  Io,  computed  using  eq  (TO),  is  shown 
fig  5  so  as  the  differential  impedance  obtained  by  computing  the  derivative  of  the  Io(V0)  characteristic  Both 
quantities  are  in  excellent  agreement  with  the  experimental  differential  impedance 

As  can  be  seen  from  eqs  (10).  the  determination  of  the  diffusion  noise  implies  the  knowledge  of  the 
variation  of  the  diffusion  coefficient  versus  the  electric  field.  Unfortunately,  very  few  results  have  been 
published  in  the  litterature  till  now.  as  concerning  GaAs  (Ill,  (81  to  [10] ).  and  the  results  available  differ  quite 
significantly  Theoretical  models  also  exhibit  quite  different  variations  of  D(E)  versus  E.  according  to  the  values 
chosen  for  the  coupling  constants  ((41.  [Ill  to  (131)  the  results  obtained  are  quite  similar  at  low  field,  but  differ  by 
a  considerable  amount  at  fields  higher  than  2  kV/cm 

Figure  6  shows  the  experimental  noise  of  the  diode  G2.  measured  using  a  pulse  technique  in  order  to  avoid 
thermal  heating  We  verified  that  the  noise  was  white  in  the  range  220  MHz  -  10  GHz  so  that  we  actually  deal  with 
dirry,;,,,  ,\iso  are  shown  fig  6  the  theoretical  noise  computed  through  eq  (10),  using  the  variations  [4l(12! 
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of  D(E)  available  in  the  litterature  As  can  dearly  be  seen  on  fig  6.  the  experimental  and  the  computed  results  are 
in  good  agreement  at  low  bias,  but  none  of  the  two  theoretical  models  is  able  to  account  for  experimental  results  at 
higher  bias  This  figure  clearly  shows  that  the  noise  predictions  strongly  depend  on  the  variation  law  of  D(E),  and 
can  be  quite  erroneous  according  to  the  law  choosen:  this  demonstrates  the  usefulness  of  a  precise  knowledge  of 
D(E),  and  also  exhibits  a  lack  of  available  data  in  the  litterature  as  concerning  GaAs. 

Obviously,  not  enough  precise  data  D(£)  are  now  available,  this  determination  needs  both  theoretical  and 
mostly  experimental  efforts.  Of  course,  this  effect,  pointed  out  in  the  present  paper  in  the  case  of  diodes,  also 
remains  valid  in  the  case  of  any  GaAs  device  exhibiting  diffusion  noise 
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Fig.  y  Diode  G2  at  300  K,  in  Gunn  oscillation  mode.  R=2!>  ft  Eg=  1 0  V.  Time  evolution  of 


(a)  The  free  carrier  density  profile 


(t>)  The  current  through  the  diode 
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Fig  4  n+nn+  GaAs  diode  at  300  K,  uniformly  doped  in  the  active  region.  R=20  ft,  Eg=25  V.  Time  evolution  of 
(a)  The  free  carrier  density  profile  (b )  The  bias  current 


r  5  Differential  impedance  Z  of  diode  G2  at  300  K. 
versus  the  d  c.  current  bias  I0 


Fig.  6  Noise  current  spectral  density  S,  of  diode  02  at 
300  K,  versus  the  d  :  current  bias  I0 
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Abstract  -  Linear  arrays  of  photovoltaic  IR-sensors  for  thermal  imaging  applications 
have  been  fabricated  for  the  first  time  in  narrow  gap  semiconductor  layers  grown 
heteroepitaxially  on  Si-substrates.  Heteroepitaxy  was  achieved  using  intermediate 
stacked  CaF2-BaF2  bi layers  to  overcome  the  large  lattice-  and  thermal  expansion 
mismatch  between  Si  and  lead-chalcogenides.  Sensors  fabricated  in  narrow  gap  PbTe  have 
•5.7  pm  cut-off  wavelength  at  90K  and  quantum  efficiencies  around  70%.  Resistance-area 
products  are  up  to  500  ftcm^  with  mean  value  of  -150ficm2  for  66  element  linear  arrays, 
well  above  the  room  temperature  photon  background  noise  limit.  Sensor  arrays  with 
shorter  cut-off  wavelength  were  fabricated  in  the  same  manner  in  epitaxial  Pb-|_xEuxSe 
on  fluoride  covered  Si-substrates. 


INTRODUCTION 

The  ultimate  goal  of  infrared  focal  plane  array  (IR-FPA)  development  for  thermal  imaging 
applications  is  a  fully  staring  array  with  a  flux  integrating  sensor  for  every  image  pixel.  The 
array  includes  signal  multiplexing  circuitries  for  processing  the  large  numbers  of  simulta¬ 
neously  generated  electrical  signals.  The  preferred  spectral  range  for  such  arrays  are  the 
3-5  urn  or  8-12  pm  atmospheric  window.  Several  approaches  are  currently  being  developed  or 
already  applied  towards  this  goal  [1]: 

-  Extrinsic  Si-  and  PtSi-sensor  arrays  with  CCD  read-out  are  fabricated  in  Si  with  standard 
Si-processing.  However,  they  require  very  low  operating  temperature,  their  useful  spectral 
range  does  not  coincide  with  the  atmospheric  window  and  quantum  efficiencies  especially  of 
silicide  sensors  are  very  small. 

-  Thermal  IR-detector  arrays  may  operate  at  room  temperature,  but  suffer  from  low  sensitivity 
and  low  speed.  Hybrid  combinations  with  Si-signal  processing  are  needed. 

-  Intrinsic  sensors  fabricated  in  narrow  gap  semiconductors  seem  to  be  most  suited  for  IR- 
detection.  They  have  high  quantum  efficiencies,  their  cut-off  wavelength  can  be  tailored  to  the 
specific  application  by  using  a  suitable  composition  of  ternary  alloys,  and  they  have  lowest 
noise  allowing  operation  at  higher  temperatures  compared  to  other  types  of  sensors.  However, 
fabrication  of  signal  processing  circuitries  in  these  materials  is  a  very  difficult  task  or 
even  impossible,  especially  for  long  wavelength  materials.  Therefore,  most  of  the  present  focal 
plane  arrays  with  intrinsic  sensors  are  realized  in  a  hybrid  manner:  A  Si  chip  containing  the 
multiplexing  and  read-out  electronics  is  mated  with  a  narrow  gap  semiconductor  chip  which 
contains  the  linear  or  square  array  of  sensors.  Since  an  electrical  connection  is  needed  for 
every  pixel,  such  an  approach  becomes  rather  complicated  and  expensive  for  large  2-dimensional 
arrays  and  is  limited  in  the  pixel  size. 

To  combine  J,e  advantages  of  narrow  gap  semiconductors  for  IR-detection  with  the  signal 
processing  capabilities  of  Si  a  fully  monolithic  approach  would  therefore  be  highly  advanta- 
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geous.  In  this  presentation,  we  report  on  our  new  results  towards  this  goal.  We  have  grown 
epitaxial  narrow  gap  lead-chalcogenide  layers  (PbTe  and  Pb-|_xEuxSe)  on  Si-wafers  by  using 
intermediate  fluoride  buffer  layers  and  have  realized  whole  sensor  arrays  for  the  3-5  um  range 
in  these  structures  for  the  first  time. 

We  already  described  single  IR-sensors  fabricated  in  PbTe  as  well  as  in  Pbi_xSnxSe  on 
fluoride  covered  Si-substrates  which  exhibited  cut-off  wavelengths  up  to  »9.5  um  and  which 
operated  near  or  at  the  background  noise  limit  (BNL)  for  room  temperature  radiation  [2].  A 
stacked  intermediate  CaF2~BaF2  buffer  layer  was  used  to  obtain  epitaxy  of  the  desired  quality 
because  such  graded  fluoride  buffers  allow  to  overcome  the  large  lattice  as  well  as  thermal 
expansion  mismatch  [3]  between  the  Si-substrate  and  top  semiconductor  layer  which  may  be  a 
IV-VI  lead-chalcogenide  [4],  a  II-VI-compound  [5]  or  even  a  further  material.  The  lattice  mis¬ 
match  between  PbTe  and  Si  is  19%,  while  the  thermal  expansion  coefficients  are  different  by  a 
factor  of  7.  A  further  reason  why  we  use  fluoride  intermediate  buffer  layers  is  that  bulk  BaF2 
single  crystals  have  been  successfully  used  by  different  groups  as  a  substrate  for  epitaxial 
growth  of  lead-chalcogenides  and  fabrication  of  photovoltaic  sensors  in  these  layers  [6,7]. 


EXPERIMENTAL 


Si (111)  wafers  were  used  for  the  present  work  since  fluoride  growth  is  easiest  with  this 
orientation.  However,  we  have  recently  grown  lattice  mismatched  CaF2-SrF2~BaF2  stacks  on 
( 100)Si-wafers  [8]  too,  which  is  the  preferred  orientation  for  CMOS-technology.  The  substrates 
were  cleaned  using  a  modified  Shiraki  method  which  needs  an  in  situ  anneal  up  to  »900°C  for 
•5  min  immediately  prior  to  deposition  (This  step  can  be  omitted  by  using  a  low  temperature 
cleaning  procedure  [9]).  A  stacked  CaF2-BaF2  buffer  layer  of  »2000  A  thickness  was  grown  first 
by  molecular  beam  epitaxy  (MBE)  at  substrate  temperatures  up  to  700°C.  Approx.  3  um  thick  PbTe 
layers  were  then  deposited  at  -400°C  by  a  hot-wall -epitaxy  (HWE)  method  in  a  separate  system. 
Ternary  Pb-|_xEuxSe  was  grown  by  MBE  on  the  fluoride  covered  substrates.  Arrays  of  photovoltaic 
IR-sensors  were  fabricated  using  vacuum  deposited  blocking  Pb-contacts  on  p-type  layers  with 
carrier  concentrations  in  the  low  10^  cm~3  range.  Ohmic  contacts  were  applied  by  Pt-sputter- 
ing.  Fig.  1  shows  the  layout  of  the  array.  It  consists  of  66  elements  arranged  in  a  staggered 
way  with  active  areas  of  50  x  100  um^  of  the  individual  sensors.  Electrical  isolation  of  the 
fan-out  pattern  to  the  Si-substrate  is  performed  with  evaporated  polycrystalline  BaF2-  Illumi¬ 
nation  is  from  the  backside  through  the  IR-transparent  Si-substrate  and  CaF2-BaF2-layer.  Due  to 
the  high  permittivity  of  lead-chalcogenides,  the  width  of  the  space  charge  region  is  only  a  few 
tenths  of  a  um.  No  surface  passivation  layer  or  antireflection  coatings  was  applied  for 
simplicity. 


Fig.  1.  Layout  of  linear  photovoltaic  IR-sensor  arrays  on  Si-substrates  with  epitaxial  lead- 
chalcogenide  layers  and  step  graded  fluoride  buffers.  The  active  area  below  the  Pb-blocking 
contact  is  indicated  by  a  dashed  line. 


PHOTOVOLTAIC  PbTe  ON  Si  ARRAYS 

Figs.  2  and  3  show  the  I-V-characteristics  and  spectral  response  of  a  typical  PbTe  sensor 
at  90K  and  200K,  respectively.  At  90K,  the  differential  resistance  at  zero  bias  is  R0  -  8  MSI, 
which  corresponds  to  a  resistance-area  product  R0A  -  400  ftcm^.  The  spectral  responses  merely 
reflect  a  constant  quantum  efficiency  up  to  the  cut-off  wavelengths  but  modulated  due  to 
interference  effects.  The  cut-off  wavelengths  are  about  5.7  um  and  4.6  um  at  90K  and  200K, 
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Fig.  2.  I-V-characteristics  and  spectral  response  (in  Amps/Watt  scale)  for  a  typical  PbTe 
sensor  on  Si  of  the  array  shown  in  Fig.  1  at  90K. 


Fig.  3.  I  -V-characteristics  and  spectral  response  of  the  same  sensor  as  in  Fig.  2,  but  at  200K. 


respectively,  due  to  the  positive  temperature  dependence  of  the  bandwidth  of  lead-chalco- 
genides.  Measured  absolute  quantum  efficiencies  are  «70%,  which  means  that  nearly  every  photon 
which  reaches  the  interior  of  the  PbTe  layer  is  registered. 

In  most  arrays,  all  except  1  or  2  elements  are  properly  working  and  have  resistance-area 
products  above  50  Slcm^  at  85K.  Highest  values  are  R0A  «  500flcmS  while  the  mean  resistance 
area  product  of  a  whole  array  is  typically  15012  cm^  at  85K  (the  lowest  temperature  attainable 
in  the  cryostat  used  for  the  measurements).  These  values  are  up  to  2  orders  of  magnitude  above 
the  BNL-limit  for  room  temperature  radiation,  but  still  appreciably  lower  than  the  best  values 
reported  for  photovoltaic  PbTe  sensors  on  bulk  BaFg-substrates  [6]  or  state  of  the  art  IR- 
sensors  with  comparable  cut-off  wavelength  and  operating  temperature  [1],  but  which  are  of 
course  not  monol ithical ly  fabricated  on  Si-substrates.  However,  since  most  of  the  fabrication 
steps  were  performed  with  rather  crude  techniques,  still  much  improvement  seems  possible. 

The  temperature  dependence  of  the  resistance-area  product  Indicates  a  depletion  limited 
noise  current  behaviour  below  250K  and  a  satisfactory  agreement  with  the  experimental  data  is 
obtained  assuming  a  temperature  independent  Shockley-Read  recombination  lifetime  of  2  ns.  This 
lifetime  is  high  enough  to  allow  carrier  diffusion  over  the  few  microns  needed  for  collection 
of  most  of  the  photogenerated  carriers.  Above  250K,  the  R0A  products  fall  below  0.1  I2cm‘  but 
come  close  to  the  theoretically  calculated  diffusion  limit.  Details  on  these  measurement  will 
be  published  elsewhere. 


PHOTOVOLTAIC  Pt>i_xEuxSe  ON  Si  ARRAYS 

While  Pbi_„SnxSe  is  suitable  for  sensors  for  wavelengths  above  7  urn,  shorter  variable  cut¬ 
off  wavelengths  are  covered  with  PbSi_x$ex  and  Pbi_xEuxSe.  A  large  number  of  investigations 
have  been  performed  with  PbS-|_xSex  Schottky  barrier  sensors  on  bulk  BaFg  substrates  [6.7]  but 
not  with  Pbi_xEuxSe.  We  therefore  investigated  sensors  of  this  material  in  some  preliminary 
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Fig.  4.  I-V-characteristics  and  spectral  response  (in  Amps/Watt  scale)  for  a  typical  Pb-|_xEuxSe 
photovoltaic  sensor  on  Si  at  85K. 


experiments.  We  found  that  Pb  indeed  forms  barriers  on  p-type  layers,  and  that  whole  arrays  on 
fluoride  covered  Si-substrates  work  consistently.  Fig.  4  shows  an  I-V-characteristics  of  a 
typical  Pbg. ggEug. 02$e  sensor  element  of  an  array  with  the  same  lay-out  as  shown  in  Fig.  1. 

True  rectifying  behaviour  is  observed.  R0A  values  are  -2flcm^,  which  is  rather  low  for  this 
temperature.  However,  this  differential  resistance  is  already  attained  at  200K  and  becomes 
independent  of  temperature  below.  The  reasons  for  this  saturation  are  not  known  at  present.  The 
cut-off  wavelength  is  about  3.8  um  at  85K,  in  accordance  with  the  expected  value  resulting  from 
the  chemical  composition  x=0.02  chosen.  Shorter  cut-off  wavelength  down  to  2  urn  are  feasible  by 
increasing  the  Eu-content  [10]. 


CONCLUSIONS 

We  have  demonstrated  that  photovoltaic  lead-chalcogenide  on  Si  IR-sensor  arrays  for  the 
3-5  pm  range  can  be  fabricated  reproducibly  and  with  sensitivities  well  above  the  background 
noise  limit. 

Growth  temperatures  are  below  «700°C  for  deposition  of  the  buffer  layer  needed  to  maintain 
epitaxy  and  below  «400°C  for  growth  of  the  narrow  gap  semiconductor  layer  and  the  further 
fabrication  steps.  The  processing  appears  compatible  to  active  silicon  substrates  which  contain 
signal  processing  electronics,  thus  opening  the  way  to  a  heteroepitaxial,  but  fully  monolithic 
approach  of  IR-focal  plane  arrays. 

The  8-12  pm  range  can  be  covered  with  Pbi_xSnxSe  and  by  using  the  same  technique  as  we 
already  demonstrated  with  single  photovoltaic  PbSnSe  on  Si  sensors  [2].  Shorter  variable  cut¬ 
off  wavelengths  between  2  pm  and  7  pm  are  attained  with  PbS-|_xSex  or  Pb-|_xEuxSe. 
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SURFACE  PLASMON  POLARITON  ENHANCED  LIGHT  EMISSION  AND  PHOTORESPONSE  IN 
SCHOTTKY  DIODES 


A.  KOCK,  W.  BEINSTINGL  and  E.  GORNIK 

Institute  for  Experimental  Physics,  University  of  Innsbruck, 
A- 6020  Innsbruck,  Austria 


Abstract  -  We  have  investigated  the  light  emission  {rom  forward  and  reverse 
biased  sinusoidally  structured  Ag/n-GaAs  Schottky  diodes.  These  Schottky 
junctions  provide  increased  light  emission  due  to  the  radiative  decay  of  excited 
surface  plasmon  polaritons.  resulting  in  drastically  enhanced  quantum  efficiency. 
Conversely  surface  plasma  modes  excited  at  the  surface  of  a  semiconductor-metal- 
insulator  structure  provide  selective  coupling  of  light  into  the  semiconductor  with 
increased  quantum  efficiency.  It  is  shown,  that  Schottky  diodes  can  be  used  as 
photodetectors  selective  to  polarization,  frequency  and  angle  of  incident  light. 


1  -  INTRODUCTION 

For  applications  in  numerous  technical  fields  there  is  a  great  demand  for  selective 
emission  and  detection  of  visible  light.  Schottky  barrier  devices,  such  as  Ag/n-GaAs 
junctions,  can  be  used  both  as  light  emitters,  when  appropriately  biased  / 1 ,2,3/,  and  as 
photodetectors,  when  exposed  to  light.  If  the  surface  is  periodically  structured,  surface 
plasma  modes  (SPM)  can  be  excited  at  the  metal-air  interface.  The  coupling  condition 
is 


kL  “ 


c  Sln  3~  kSPM 


nk 


with  k^  the  wavevector  of  incident  light,  kgpj^  the  wavevector  of  SPM  and  kg  =  jp  the 

grating  vector;  n  is  an  integer.  P-polarized  light  (magnetic  field  vector  parallel  to  the 
grating)  can  excite  only  transverse  magnetic  modes  (TMi,  i  =  mode  index),  s-polarized 
light  can  excite  only  transverse  electric  modes  (TEi).  As  the  excitation  of  these  modes 
depends  strongly  on  wavelength,  polarization  ;  id  angle  of  incident  light,  the  basic  idea 
is  to  use  these  modes  both  for  selective  coupling  of  light  into  and  out  of  the 
semiconductor.  In  emission  experiments  we  confined  to  the  TM0  mode,  in  photoresponse 
to  TMq  and  TEq  modes. 


2  -  EXPERIMENTAL  METHODS  AND  RESULTS 

We  present  results  from  sinusoidally  structured  Ag/n-GaAs  Schottky  diodes 
providing  both  increased  light  emission  and  enhanced  photoresponse  due  to  the 
excitation  of  SPM.  The  sinusoidal  gratings  were  fabricated  holographically  on 
photoresist  and  subsequently  transferred  to  GaAs  substrates  by  reactive  ion  etching.  The 
Schottky  junctions  are  formed  by  a  Ag  top  layer  (thickness  30  nm,  6  mm2  area) 
evaporated  on  n— GaAs  substrates.  The  geometry  of  the  samples  used  is  shown  in  the 
insert  of  Fig.  la.  The  amplitude  of  the  grating  was  H  =  25  nm  and  the  period 
A  =  650  nm.  The  investigations  of  the  emission  spectra  and  the  photoresponse 
measurements  were  performed  at  room  temperature. 

The  emission  intensity  of  a  reverse  biased  Ag/n-GaAs  Schottky  diode  (current 
80  mA)  as  a  function  of  wavelength  is  plotted  in  Fig.  la.  Curve  (a)  represents  the 
emission  spectrum  of  a  flat  junction  at  angle  t?  =  0°.  The  emission  spectrum  is 
broadband  and  completely  unpolarized.  Curve  (b)  shows  the  spectrum  of  s-polarized 
light  emitted  from  a  structured  Schottky  diode  at  angle  =  0°.  The  s-polarized  emission 
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Fig.  1  a  -  Emission  spectra  of  a.reverse  biased  Ag/n-GaAs  junction  Curve  (a)  shows 
the  spectrum  of  an  unstructured  junction.  Curve(b)  shows  the  s-polarized  spectrum  of  a 
structured  junction  at  t?  =  0°.  Curves  (c)  and  (d)  show  p— polarized  emission  spectra  at 
0  =  00  and  10<>.  ^ 

Fig.  1  b  -  Emission  spectra  of  a  forward  biased  structured  junction  at  0  =  18°.  Curve  (a) 
shows  the  p-polarized,  curve  (b)  the  s-polarized  emitted  light. 


spectrum  of  the  structured  sample  (curve  (b))  has  the  same  characteristics  as  the 
emission  spectrum  of  the  unstructured  sample  (curve(a)).  Curve  (c)  and  (d)  represent 
the  p-polarized  emission  spectra  at  angles  of  =  0°  and  v  =  10°,  respectively. 

The  p— polarized  emission  maxima  are  due  to  the  radiative  decay  of  the 
TMo  mode  at  the  Ag-air  interface.  For  an  unambiguous  interpretation  we  have 
calculated  the  dispersion  relation  of  the  TMo  mode  at  a  Ag-air  interface  and  found  good 
agreement  with  the  experimental  values. 

Fig.  lb  shows  the  electroluminescence  spectra  of  the  same  Ag/n-GaAs  Schottky 
diode  when  forward  biased  (current  100  mA).  At  an  angle  of  18°  the  wavelength  of  the 
TMo  mode  (A  =  862  nm)  coincides  with  the  energy  of  tne  bandgap  of  GaAs.  Curve  (a) 
represents  the  emission  spectrum  of  p-polarized  light,  curve  (b)  of  s-polarized  light. 

In  addition  to  the  known  SPM  excitation  processes  (hot  electron  mechanism  /4/, 
conversion  of  slow— mode  plasmons  to  fast— mode  plasmons  /5/),  we  found  a  third  process 
responsible  for  the  observed  emission  spectra.  We  interpret  the  light  emission  process  for 
reverse  and  forward  bias  by  the  same  physical  mechanism:  Photons  generated  in  the 
GaAs  substrate  with  emission  angle  larger  than  the  critical  angle  of  internal  total 
reflection  (16°)  can  excite  a  TMo  mode,  which  decays  radiatively  due  to  the  presence  of 
the  grating.  Therefore  via  excitation  of  the  TMo  mode  more  photons  are  coupled  out  of 
the  semiconductor  resulting  in  drastically  enhanced  quantum  efficiency  (QE).  For  a  flat 
junction  we  obtained  in  reverse  bias  an  external  QE  of  1  •  10'7.  For  a  corrugated  junction 
the  QE  is  7  times  larger.  In  forward  bias  excitation  of  the  TMo  mode  resulted  in 
enhancement  of  the  QE  by  a  factor  2. 

In  addition  we  have  investigated  the  photoresponse  of  the  same  devices  when 
either  the  TMo  modes  or  the  TEo  modes  are  excited. The  excitation  of  these  modes  can 
be  detected  by  investigation  of  the  reflectance  and  photoresponse  spectra  of  the  diodes.  If 
a  SPM  is  excited,  a  narrowband  dip  occurs  in  the  reflectance  spectrum,  whereas  the 
photoresponse  shows  a  maximum  /6,7/.  This  is  due  to  the  energy  transfer  of  the  incident 
light  to  SPM.  The  electromagnetic  held  of  the  SPM  penetrates  the  metal  film  and 
generates  electron-hole  pairs  in  the  semiconductor.  These  additional  carriers  enhance 
the  photocurrent  and  therefore  narrowband  maxima  are  observed  in  the  spectral 
response. 

The  TMo  mode  can  be  excited  with  p-polarized  light  at  the  metal-air  interface  of 
an  uncoated  Schottky  diode.  Fig.  2a  shows  the  reflectivity  (A)  and  the  photoresponse 
(B)  of  a  uncoated,  structured  Ag/n-GaAs  junction  as  a  function  of  wavelength  at  an 
angle  of  incidence  t?  =  10°  for  p-  and  s-polarized  light  (solid  and  dashed  line, 
respectively).  The  dips  and  maxima  are  due  to  the  excitation  of  the  TMo  mode. 
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Fig.  2  a  —  Reflectivity  and  photoresponse  spectra  of  an  uncoated  Ag/n— GaAs  detector 
(TMo  mode  excited)  at  i)  =  10°.  P— polarized:  solid  line,  s-polarized:  dashed  line. 

Fig.  2b-  P“flectivity  and  photoresponse  spectra  of  a  coated  (MgF2,  thickness  250  nm) 
Ag/n-GaAs  detector  (TEo  mode  excited)  at  t?=  10°.  S-polarized:  solid  line, 
p— polarized:  dashed  line. 

To  excite  the  TE0  mode  with  s-polarized  light,  the  device  has  to  be  coated  with  a 
dielectric  layer.  Fig.  2b  shows  the  reflectivity  (A)  and  photoresponse  (B)  of  a  coated  (i. 
e.  MgF2,  thickness  250  nm),  structured  Ag/n-GaAs  junction,  when  excited  with  s-  and 
p-polarized  light  (solid  and  dashed  line).  The  linewidth  of  the  TEo  mode  has  been  found 
to  be  smaller  than  that  of  the  TM0  mode.  The  QE  of  the  device,  when  the  TM0  modes 
are  excited,  is  higher  (14%)  than  in  the  case  of  TEo  modes  (11%).  The  best  result  found 
until  now  has  been  a  QE  of  31%  at  TM0  resonance.  The  best  signal  to  background  ratio 
was  7:1  for  TM0  and  5:1  for  TEo  modes. 

3  -  APPLICATIONS 

For  technical  applications  the  signal  to  background  ratio  of  7:1  is  not  sufficient 
for  quantitative  measurements.  We  have  developed  a  method  which  improves  the  ratio 
to  50:1.  The  idea  is  to  illuminate  two  detectors  by  the  same  light,  but  excite  a  SPM  only 
on  one  of  them.  The  two  signals  are  subtracted  from  each  other,  and  the  remaining 
background  is  nearly  zero.  Two  adjacent  detectors  were  Droduced  on  the  same  substrate. 


Fig.  3  -  Spectrometer  formed  by  an  array  of  identical  detector  pairs.  The  dashed  lines 
represent  the  photoresponse  maxima  due  to  TMo  mode  excitation  of  several  detectors. 
The  full  lines  show  the  photoresponse  peaks  after  subtraction  of  the  background  signals. 
The  improvement  of  the  signal  to  background  ratio  is  evident. 


C4-594 


JOURNAL  DE  PHYSIQUE 


one  of  them  was  coated  with  MgF2-  The  TMo  resonance  of  the  coated  detector  is  shifted 
to  longer  wavelengths  and  thus  the  two  detectors  cannot  produce  a  TMo  signal  at  the 
same  wavelength. 

An  application  of  these  detectors  is  shown  in  Fig.  3.  Ten  identical  pairs  of 
detectors  (one  with  grating  and  one  without  grating)  were  produced  on  one  substrate  bv 
photolitographic  techniques.  Divergent  light  is  incident  at  different  angles  on  each  pair. 
So  on  each  detector  pair  the  SPM  resonance  occurs  at  different  wavelength  and  the  array 
can  serve  as  a  simple,  integrated  spectrometer. 

Small  scale  integration  of  the  detectors  can  be  realized  by  using  standard 
technology.  Various  applications  in  several  technical  fields  are  possible,  such  as  color, 
pattern  and  image  recognition,  optical  data  transfer,  and  spectroscopy  of  short  light 
pulses. 

Concerning  selective  light  emission,  further  work  on  combining  SPM  excitation 
with  light  emitting  devices  is  under  progress.  The  QE  of  LED  heterostructure  devices 
might  be  enhanced  by  the  use  of  an  appropriate  sinusoidal  grating.  Application  to  laser 
heterostructure  devices  seems  to  become  posssibie. 
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ABSTRACT  -  A  review  of  the  hot  electron  problem  in  MOSFET  is  given.  This  includes:  Key  experimental  features,  the 
problem  of  modelling  hot  carrier  transport  in  Si  and  Si02  after  injection  into  the  oxide,  and  an  evaluation  of  technological 
measures  to  obtain  hot  carrier  resistant  structures. 

I)  INTRODUCTION: 

Long-term  stability  is  a  key  to  the  successful  design  of  a  MOSFET  in  the  submicron  regime.  An  important  factor  in  achieving  this  aim 
is  a  quantitative  analysis  of  hot  electron  effects.  Hot  carrier  induced  damage  was  known  long  before  the  submicron  region  was  entered. 
Here  we  deal  with  the  always  present  high  energetic  electrons  (holes)  that  can  surmount  the  Si/SiC>2  barrier  of  3.2  (4.8)  eV  and  then 
get  trapped  in  the  oxide.  These  charges  now  interfere  with  the  controlling  gate  and  will  produce  threshold  shifts,  transconduction 
changes,  saturation  current  modifications  etc.  It  is  clear  that  all  this  can  only  be  tolerated  to  a  certain  degree  if  the  device  is  to  operate 
properly  in  its  circuit  environment. 

Secondly,  we  have  the  influence  of  the  elevated  Gelds  on  the  carrier  transport  and  the  carrier  injection  into  the  oxide.  It  is  a  well  known 
fact  that  the  c  nventional  drift  diffusion  approximation  is  only  valid  for  small  current  levels,  e.g.  close  to  the  thermal  equilibrium. 

The  link  between  the  latter  and  the  former  is  that  Poisson's,  continuity,  and  current  equations  provide  carrier  distributions  and 
electrical  Gelds  which  are  used  to  calculate  the  carrier  injection  into  the  oxide. 

To  prevent  the  undesired  effects  of  hot-electron  damage,  a  careful  analysis  of  the  experimental  material  is  indispensable  in  an  early 
state  of  device  development.  Measurement  and  simulation,  as  an  analytic  tool,  have  to  go  hand  in  hand. 

There  is  quite  a  variety  of  effects  caused  by  hot-electron  (carrier)  injtction.  Trapped  electrons  and/or  holes  in  the  oxide  (Q^),  fast 
surface  states  at  the  Si/Si02  interface  (N-(),  series  resistance  effects  in  LDD,  mobility  degradation  due  to  oxide  charges,  rime  evolution 
of  damage,  etc.  To  monitor  all  these  phenomena  there  are  only  four  terminal  currents  measurable  in  a  MOSFET:  Source,  drain,  bulk, 
and  gate  current.  Because  of  the  high  degree  of  complexity  it  is  absolutely  essential  to  have  sufficient  experimental  data. 

In  the  next  chapter  this  review  we  will  address  the  key  experimental  features  for  a  hot-carrier  analysis  and  their  evaluation.  In  Chapter 
III  a  detailed  discussion  will  be  presented  on  modelling  hot-electron  effects  on  the  basis  of  the  drift-diffusion  approximation  and  its 
extensions.  In  Chapter  IV  we  will  discuss  how  simulation  is  used  to  prevent  hot-electron  damage  in  submicron  MOSFET  structures. 

II)  THE  HOT-CARRIER  EFFECT  FROM  THE  EXPERIMENTAL  STANDPOINT 

In  the  real  operation  environment,  devices  can  change  their  properties  to  such  a  high  degree  that  the  functioning  of  the  whole  circuit 
may  be  affected  after  a  certain  time  of  operation.  An  example  of  this  is  shown  in  Fig.  1.  The  current-voltage  behaviour  and  as  a 
consequence  the  current-rime  path  are  changed  after  a  certain  time  of  operation. 

In  order  to  compare  different  technologies  with  respect  to  their  hot-carrier  stability  the  question  of  the  right  parameter  arises.  One 
may  propose  the  threshold  voltage  shift  at  Vq  -  Vp  -  5V  to  qualify  a  technology  as  was  done  some  time  ago,  since  this  is  a  circuit¬ 
relevant  parameter.  However,  technological  developments  require  a  fast  evaluation  of  the  stability  so  that  sensitive  parameters  were 
sought  at  the  expense  of  circuit  relevance,  since  the  aforementioned  one  is  not  sufficiently  sensitive.  Empirically  it  was  found  that  the 
characterization  of  the  damage  at  low  drain  voltage,  in  the  linear  region,  can  provide  the  desired  fast  evaluation  of  device  stability 
(Later  on  it  turned  out  that  for  the  inverter  operation  these  new  linear  region  parameters  are  very  relevant  and  in  fact  proportional  to 
the  frequency  shift  of  an  inverter  chain  Ilf). 

Now  the  question  arises  whether  we  can,  having  found  sensitive  characterization  parameters,  immediately  proceed  to  heuristic 
optimizations  of  technology  parameters?  Is  there  a  conclusive  way  to  obtain  optimal  drain  proGles  and  oxide  growth  conditions  to 
design  a  device  with  a  high  hot-carrier  stability  without  a  detailed  physical  understanding? 
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The  issue  has  been  approached  in  most  labs  in  a  more  or  less  empirical  way.  However,  a  physical  insight  into  degradation  phenomena 
can  provide  guidance  for  optimization,  accelerating  it  and  making  it  more  effective.  This  approach  will  be  addressed  in  Chapters  IH 
and  IV.  Furthermore,  the  danger  is  too  great  that  without  understanding  the  physical  background,  false  conclusions  about  stability  are 
drawn  for  the  operating  conditions  which  can  never  be  used  in  stress  test  experiments  because  of  the  slowing  down  of  the  hot-carrier 
effect  at  low  operating  voltages .  As  a  consequence  we  conclude  that  a  detailed  understanding  of  the  hot-carrier  effect  is  necessary. 

A  second  question  arises:  how  far  are  we  in  understanding  hot-carrier  effects?  Have  we  understood  the  basic  features  of  the  hot- 
carrier  effect  or  are  we  still  right  at  the  beginning?  In  the  following  we  try  to  obtain  an  answer  to  this  question  on  the  basis  of  a  few 
experimental  examples.  These  examples  led  to  understanding  but  new  open  questions  arose. 


Fig.  1:  ID(VG,VD)  -  characteristics  before  (full  lines)  and 
after  (broken  lines)  a  hot-carrier  stress.  A  conventional 
nitride  passivated  2.3 um  device  with  tQX=42nm  is  stressed 
wi,h  'stress  =  14h'  vD=8v.  aod  VC  =  3V. 


Fig.  2:  Degradation  vs.  stress  gate  voltage  is  shown  for 
devices  as  in  Fig.  1  (open  symbols)  and  devices  from  the 
same  process  but  without  a  final  nitride  passivation  (full 
symbols). 


1)  A  few  years  ago  a  number  of  puzzling  degradation  results  for  different  conventional  n-MOSFETS  led  to  a  degradation  model  /2/  in 
which  electrons  and  holes  play  an  important  part  in  explaining  the  resulting  degradation.  Holes  are  injected  and  trapped  inside  the 
oxide  close  to  the  interface  and  fixed  positive  charge  is  formed  (visible  by  a  positive  ASn/fSni  Pig-  2).  Injected  electrons  are  trapped 
with  a  large  cross-section  (due  to  Coulomb  interaction)  at  the  trapped  holes  and  interface  states  are  formed.  These  are  evident  through 
their  negative  charge  in  the  negative /jgQ]/gm  branch  in  Fig.  2.  A  simple  theory  using  rate  equations  was  set  up  giving  a  reasonable  fit  to 
the  experimental  data  with  a  proper  choice  of  the  two  parameters  of  hole  trap  density  and  electron  capture  cross  section.  This  model 
not  only  worked  for  different  conventional  MOSFETs  (Fig.  2),  but  also  for  modern  devices  with  reduced  drain  field  such  as  LDD  and 
DID. 

Recently,  however,  R.  Bellens  et  al.  lil  performed  charge  pumping  measurements  on  devices  under  hole  conditions  (low  Vq)  and 
discovered  the  direct  formation  of  interface  states  at  the  hole-injection  condition.  They  claim  that  the  subsequent  electron  injection 
merely  causes  a  charge  compensation.  In  order  to  decide  finally  on  these  findings,  more  data,  especially  space  and  energy  resolved 
charge  pumping  measurements  and  2D-simulations,  are  needed.  Furthermore,  essential  features  of  the  previous  model,  like  the 
importance  of  the  hole  injections,  are  not  questioned.  -  Nevertheless  we  can  state  that  a  precise  degradation  mechanism  still  remains 
unsettled. 


2)  A  few  years  ago  a  relation  ship  between  the  lifetime  and  the  substrate  current  of  a  device  was  found  by  Takeda  and  Suzuki  /4/  and 
explained  by  C.  Hu  et  al  151.  Although  derived  from  an  electron  injection  model,  the  result  is  also  valid  for  a  hole-injection  model  Itl.  In 
Fig.  3  typical  results  are  shown  for  different  technologies,  both  LDD  and  conventional  ones  with  a  slope  of  2.9  on  the  double- 
logarithmic  scale.  Agreement  with  the  theory  is  good. 
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However,  data  have  recently  been  measured  at  LDD  devices  which  show  a  much  steeper  slope  around  5  which  cannot  be  explained  by 
this  theory  (Fig.  3).  Neither  a  technological  reason  is  known  for  this  difference  nor  a  satisfactory  physical  explanation  available  for  this 
phenomenon. 


Fig.  3:  Lifetime  vs.  substrate  current  for  different 
technologies.  One  technology  shows  a  steeper  slope  than  the 
others. 


Fig.  4:  Drain-  and  substrate  currents  of 
an  n-MOSFET  of  the  process  in  Fig.  1 
before  and  after  hot-carrier  stress.  The 
stress  conditions  were  Vq  =  3V, 
Vd  =  8V  and  tstress  =  5xl04s. 

Fig.  S:  Id(Vg,Vd  =  Q.1V)  for  a  LDD-n-MOSFET  with 
tQX  =  25nm,  lsp(lccr  “  0.2um  and  lgatc  =  1.0um  before  (full 
lines)  and  after  (broken  lines)  a  stress  with  Vq  =0.6V, 
Vj-j  =8V  and  a  stress  time  of  12h.  To  clarify  the  result  a 
straight  line  is  drawn  through  (he  steepest  parts  of  the 

,D(VG^'cun'6' 


3)  It  can  be  seen  in  Fig.  1  how  the  current-voltage  characteristics  change  after  hot-carrier  stress.  A  discussion  has  been  going  on  for 
years  on  the  question  of  the  phenomena  causing  these  changes.  Are  they  due  to  fixed  negative  charges  inside  the  oxide,  to  acceptor- 
type  interface  stales  acting  through  their  potential,  or  to  acceptor-  or  donor-type  interface  states  acting  through  their  mobility  effect?  It 
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is  not  easy  to  decide  this  question  on  the  basis  of  electrical  measurements  alone,  and  surely  the  results  will  be  different  for  different 
technologies.  Recently  Schwerin  et  aL  /7/  have  performed  careful  comparisons  of  2D  simulations  and  electrical  data  including  the 
effects  of  stress-generated  surface  charges.  This  work  revealed  the  complicated  interplay  of  different  types  of  oxide  charges  on  drain 
and  substrate  currents.  The  essential  result  is  this:  without  complicated  simulations,  statements  on  Nj(  and  QM  can  be  made  just  by 
looking  at  Ip  (Vq,  Vp)  and  I  ^  (Vq,  Vp)  characteristics  together.  An  example  of  this  is  shown  in  Fig.  4.  An  n-channel  MOSFET 
shows  a  decreasing  drain  current  but  an  increasing  substrate  current.  This  cannot  be  explained  by  a  mobility  effect  since  this  would  not 
lead  to  an  increased  substrate  current.  Fixed  negative  charges  would  essentially  lead  to  a  parallel  shift  of  the  Ip  (Vq)  characteristics. 
Only  acceptor-type  interface  states  can  explain  changes  of  the  curves  in  Fig.  4  satisfactorily. 

Meanwhile,  the  experiment  has  brought  new  and  puzzling  results.  Can  we  explain  the  behaviour  shown  in  Fig.  5  with  the  above 
method?  Here  the  Ip  (Vq)  curves  before  and  after  hot-hole  stress  intersect,  possibly  due  to  a  combination  of  mobility  and  potential 
effects. 

In  the  preceeding  paragraph,  several  results  and  new  questions  have  been  discussed,  showing  that  our  understanding  of  the  bot-carrier 
effect  is  more  or  less  at  an  early  state  and  fragmentary.  These  questions  can  become  important  for  the  way  the  device  stability  under 
operating  conditions  is  extrapolated  or  calculated,  especially  for  the  coming  generations  of  devices.  There  the  safety  margins  will  be 
further  decreased  as  the  technological  possibilities  are  most  likely  exhausted. 

Ill)  HOT-ELECTRON  MODELLING 

The  ultimate  aim  of  hot-electron  modelling  is  to  reduce  the  hot  carrier  damage  by  choosing  an  optimal  device  structure.  As  a  very  first 
step  to  accomplish  this  task,  models  enabling  the  experimental  data  to  be  verified  must  be  developed  on  the  basis  of  the  relevant 
physics.  The  key  idea  is  to  incorporate  simple,  but  physically  appropriate  models  into  a  realistic  simulation  program  that  allows  to 
consider  technologically  relevant  structures.  This  requires  that  source/drain  and  channel  doping  profiles  to  be  accurately  known. 
Process  simulation,  which  itself  is  supported  by  experimental  techniques  to  verify  the  doping  profiles,  can  provide  this  data  /8/.  Another 
technological  aspect  concerns  the  quality  of  the  oxide  to  be  taken  into  account,  in  the  gate  and  spacer  regions.  It  is  generally  believed 
that  near  the  gate  edge  the  oxide  quality  decreases  due  to  mechanical  stress  and/or  implantation  damage.  The  degradation  properties 
certainly  depend  sensitively  on  the  trap  distribution  in  the  oxide. 

The  problem  of  hot  electron-modelling  splits  into  two  parts:  (a)  Calculation  of  the  internal  distributions  in  the  device  in  the  presence 
of  very  high  fields;  and  (b)  calculation  of  the  parasitic  effects  such  as  oxide  injection  and  charge  transport  in  the  oxide,  that  eventually 
lead  to  trapped  charges  which  interfere  with  the  controlling  gate.  The  simulation  can  be  used  to  analyze  degraded  samples  to  get 
information  about  the  amount  and  location  of  the  trapped  charges.  Or  the  degradation  process  itself,  can  be  monitored. 

We  will  initially  discuss  a  modified  description  of  carrier  transport  which  is  appropriate  for  submicron  structures: 

a)  Extended  drift-diffusion  approximation 

In  an  ideal  device  the  field  and  carrier  distributions  are  the  solutions  of  the  following  semiconductor  equations  with  appropriate 
boundary  conditions. 


div(EE)  =  -q(n-p+C) 

(III  1) 

div±-  -  §£=*-* 

(IH.2a) 

divle  ♦  5.  |P=  R-G 

(111.2b) 

j.r>  =  qur.nE+qDr,gradn 

(III.3a) 

JU>  =  qMpPE-qDpgradp 

(III.3b) 

Poisson’s  equation  Eq.  (If  1.1)  and  the  continuity  equations  Eq.  (III.2a/b)  arc  justified  by  classical  electrodynamics  and  arc  valid  as  long 
as  fluctuations  in  the  system  are  negligible.  The  current  equations  Eq.  (!!I3a/b)  are  based  on  the  general  assumption  valid  in 
macroscopic  systems  that  the  particle  current  has  a  field  driven  drift  term  and  a  concentration  gradient  driven  diffusion  lcrm/8/.  A 
justification  of  the  current  equations  Eq.  (III3a/b)  can  be  given  by  the  Boltzmann  equation  if  only  small  deviations  from  thermal 
equilibrium  are  considered.  In  this  case  the  momentum  relaxation  lime  t, 
constant  and  Einstein  '  s  relationship  holds/9/. 


m  is  not  field  dependent  and  therefore  the  mobility  p^is  * 
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QDn/p  “  kTjln/p 


(III.4) 


The  quasi-Fermi  potential  If  ^  is  now  a  very  useful  concept  for  transforming  the  current  equations. 
I-  =  -qUr.ngrad^>„  (III_5a) 

lx-  =  qM*.pgradfp  (m^b) 


It  was,  however,  realized  long  ago  that  the  linear  response  regime  is  not  sufficient  to  obtain  satisfactory  results  for  MOSFET.  Velocity 
saturation  had  to  be  included  to  explain  the  experimental  data.  This  was  done  by  replacing  the  mobility  in  Eq.  (I1I.5)  by  a  Geld 
dependent  function  p  ^  (F^^).  The  choice  of  the  saturation  force  F^p  is  not  unique  and  has  been  disputed  in  the  literature/10/.  Of 
several  possibilities  =  Igradip^pl  is  the  most  often  used.  Replacing  p  by  a  field-dependent  mobility  already  takes  a  situation 
in  which  the  electrons  (holes)  are  no  longer  in  equilibrium  with  the  lattice  partly  into  account  .  The  physical  reason  for  this  is  the  onset 
of  optical  phonon  scattering  of  carriers  with  elevated  energies.  Optical  phonons  carry  away  some  of  the  energy  that  the  carriers  gain  in 
the  electrical  field.  For  very  high  Gelds  this  scattering  process  is  no  longer  sufGdent  to  maintain  thermal  equilibrium.  As  a  consequence 
the  carriers  will  have  an  elevated  average  energy  compared  with  that  of  the  phonons  and  their  average  velocity  will  saturate  because 
optical  phonons  randomize  the  motion  of  the  carriers  very  effectively.  Therefore  if  phonon  scattering  in  high  Gelds  is  properly  taken 
into  account  an  increased  carrier  temperature  has  to  be  included. 

Assuming  a  drifted  Maxwellian  as  an  Ansatz  for  the  microscopic  distribution  function  f  in  x-  and  jc-space, 


f (x,k) 


exp(- 


e(k)+k-v«i(x) 

kT(x) 


) 


(II1.6) 


in  the  Boltzmann  equation  Blotekjar/11/  obtained  an  alternative  set  of  transport  equations  by  using  the  moment  method.  Blotekjars 
equations  quoted  for  one  carrier  type,  the  stationary  state,  and  an  isotropic  system  are 


i  = 


qve 

e-e 


2  1 

qpnE  +  — ngrad(6-n-mvoia 

5 J€-nmvaa/5 
~  "31  n 

=  j/ E-divv6 


) 


(UI.7) 

(III.8) 

(UI.9) 


Blotekjar  does  not  consider  the  determination  of  the  momentum  and  energy  (tc  )  relaxation  times.  These  have  to  be  suitably 
chosen  and  added  to  complete  the  formulation.  This  and  the  need  to  add  the  ml«ing  heat  current  in  Eq.  (III.8),  are  the  major 
drawbacks  of  this  formulation.  By  now  there  is  dear  evidence  that  a  drifted  Maxwellian  is  a  poor  approximation  of  the  distribution 
function/12/.  Before  we  discuss  the  physical  contents  of  Eqs.  (III.7  -  III. 9)  we  will  present  the  results  obtained  by  one  of  the  authors. 
Because  the  drifted  Maxwellian  is  a  poor  approximation,  Hansch  and  Miura-Matlausch/13/  proceeded  differently.  Utilizing  the 
moment  method  for  the  Boltzmann  equation  as  well  their  approach  focuses  on  the  self-consistencv  in  the  four  lowest  moments  of  the 
distribution  functions,  which  are:  n,  j,  g  ,  .  This  is  achieved  by  expressing  the  distribution  function  as: 


f(x,k)  =  a(k)n(x)  +  £(k)i(x) 


+  Tf(k)€(x)  +  6  (k )  v6  (x ) 

They  derived  an  alternative  set  of  equations  to  Eqs.  (111.7  -  III.9)  that  reads: 


(III.10) 


2 

I  =  qitnE  +  —  pgrad(E) 

qie  =  “1^  -  -^egrad(l) 

— —  =  j/ E-diWe 


(111.11) 

(111.12) 

(111.13) 
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In  addition  they  can  also  provide  the  mobility  p  and  energy  relaxation  time  T  f  in  a  seif-consistent  way; 

-L  =  A  +  (m.  14) 

I  =  i.  =  const.  (III.  15) 

x*  xe° 

Here  A,  B  and  t  £°  no  longer  depend  on  the  active  variables  n,  j,  £■  and  v  .  The  heat  current,  the  second  term  on  the  right  side  of  Eq. 
(III. 12),  does  not  vanish.  Although  its  actual  form  depends  on  the  truncation  scheme  of  the  moment  method,  it  is  constructed  such  that 
it  is  exact  for  small  disturbances  from  equilibrium. 

Eqs.  (1II.7  -  111.9)  and  Eqs.  (111.11  -  111.15)  constitute  possible  extensions  of  the  classical  drift-diffusion  Eqs.  (III.3a/b).  Both  contain  a 
finite  energy  relaxation  time  T  £  ,  which  is  the  characteristic  time  for  the  energy  transfer  from  the  carrier  system  to  the  lattice.  In  the 
classical  drift-  diffusion  approximation  the  carriers  transfer  their  excess  energy  instantaneously  to  the  lattice,  which  means  T  E  =  0. 
Therefore  the  carrier  system  remains  in  thermal  equilibrium  with  the  lattice.  However,  in  real  systems  momentum  changes  occur  more 
frequently  than  energy  losses,  the  system  will  heat  up.  Comparing  the  current  Eq.  (III.3)  with  Eq.  (II1.7)  or  Eq.  (10.11)  we  notice  that 
the  diffusion  current  is  now  driven  by  the  energy  gradient.  The  current  Eq.  (III.7)  agrees  with  Eq.  (III. 11)  if  the  kinetic  energy  ni  m 
is  small  compared  to  the  total  energy  g. .  This  is  the  case  if  the  variation  of  the  electric  field  over  a  distance  vQ  t  £  <  100  A  is 
moderate,  which  is  anyway  a  limit  of  the  classical  field  concept.  Adding  in  Eq.  (1II.8)  a  suitable  heat  current  and  neglecting  n  1  in  V J 
again  Eq.  (II1.8)  coincides  with  Eq.  (III.12)  for  the  energy  current  v&  .  More  essential  differences  in  their  solution  are  attributed  to 
the  models  utilized  forTm  or  p  and  te  .  Whereas  in  Eqs.  (111.11  -  III. 15)  they  are  included  self-consistent ly,  Eqs.  (III.7  -  III.9) 
demand  an  input  from  other  sources. 

Before  we  discuss  a  possible  influence  on  the  device  performance  we  would  like  to  point  out  a  possible  simplification  of  Eqs.  (III. 11  - 
III. 15)  which  turns  out  to  be  very  convenient  for  practical  purposes.  At  first  we  generalize  the  concept  of  the  quasi-Fermi-potential, 
which  no  longer  constitutes  the  driving  potential  of  the  current.  Instead  we  introduce  a  driving  force  Fjj  for  the  current  j: 

F„  =  E  +  -igrad(uT,„n)  (111.16) 

Here  we  use  6  =  q^uT.  ,,n 


=  qn„nF„ 


(111.17) 


Since  the  classical  drift-diffusion  approximation  is  justified  as  an  expansion  in  ipn  we  will  now  expand  Eqs.  (IH.13)  and  (IU.14)  in  F^ 


u-r. 


n 


„M„(F„)Fa(l+e) 


(111.18) 


=  M0.„{l-l7(u0-uT.„(F„)  (1-8)  )>  (111.19) 

As  shown  in  /15/  8  and  Q  arc  negligible  small  contributions  almost  everywhere  in  the  limit  Fn - >  oo.  Therefore  Eqs.  (111.18) 

and  (111.19)  together  with  Eq.  (III. 16)  constitute  a  singular  perturbed  system  which  is  solved  to  a  very  good  approximation  by  the 
reduced  system.  This  is  obtained  by  neglecting  8  and  5)  .  Rewriting  the  reduced  system  we  finally  obtain: 


Ir,  =  qp„nF„ 


(111.20) 


u-,. ,  „ 


Mn  = 


2|to  ,  n 

l+( UlZpc.nFn/Vu.t.n)2) 


(111.21) 


(111.22) 
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Eqs.  (III.20  -  III.22)  represent  a  simplified  version  of  Eqs.  (IIJ.ll  •  III.15). 

All  three  alternatives  for  calculating  the  effect  of  an  elevated  carrier  temperature  on  the  carrier  distribution  and  the  electric  Geld  have 
been  realized  in  a  numerical  code.  We  thus  find  Eqs.  (III.7  -  III.9)  with  variations  realized  in  116,111,  Eqs.  (111.11  •  III.13)  together  with 
a  simplified  mobility  model  (which  corresponds  to  the  approximation  which  leads  to  Eqs.  (111.20  -  IH.22))  in  / 18/,  and  finally  Eqs. 
(111.20  - 111.22)  are  used  by  Hansch  and  Selberherr/19/. 

All  these  approaches  have  an  enhanced  diffusion  constant  (coefficient  of  grad  n)  in  common.  This  leads  to  an  increased  diffusion 
current  which  causes  the  carriers  to  be  pushed  further  away  from  the  surface  and  therefore  reduces  the  surface  concentration: 
whenever  u^-  n  <  <  uQ.  On  the  other  hand,  the  sharp  drop  of  the  carrier  density  in  the  pinch-off  region  is,  including  energy  balance, 
less  pronounced.  However,  for  non-exotic  MOSFET  structures  hot-electron  effects  will  only  little  affect  the  peak  electric  field  because 
it  is  located  near  pinch-off  where  the  free  carrier  density  is  low  compared  to  the  doping.  Therefore  the  redistribution  of  carriers  does 
not  affect  the  solution  of  Poisson’s  equation.  This  modified  carrier  distribution  will,  however,  influence  the  generation  rate  due  to 
impact  ionisation  and  also  the  oxide  injection  of  carriers.  This  is  because  both  depend  on  the  relative  position  of  the  maximum  current 
with  respect  to  the  maximum  electric  field  (see  Chapter  IV).  The  influence  on  the  1-V  characteristic  is  small  for  a  channel  length  L  > 
0.5  jam,  but  depends  on  the  mobility  model,  especially  on  the  modelling  of  the  gate  field  reduced  mobility. 

These  remarks  will  close  the  overview  on  possible  and  feasible  extensions  of  the  classical  drift-diffusion  approach. 

b)  The  parasitic  effects  of  oxide  injection  and  charcetrapping: 

We  are  now  dealing  with  the  carriers  in  the  high  energy  tail  and  not  with  an  average  of  the  distribution  function.  If  the  energy  range 
considered  is  far  above  the  average  energy  it  can  be  modelled  independently  of  the  lower  moments  of  the  distribution  function 
discussed  in  the  previous  section.  The  problem  is  to  estimate  the  number  of  carriers  that  can  overcome  the  Si/SiC^  barrier  and  to 
calculate  the  distribution  of  electrically  active  trapped  charge.  This  charge  can  either  he  present  as  fixed  negative  or  positive  charge 
which  is  located  away  from  the  interface  and  only  has  a  very  weak  coupling  to  the  Si  (slow  states  Q()X)  or  is  located  in  the  vicinity  of  the 
interface  and  has  a  strong  coupling  to  the  Si  (fast  interface  states  N|().  The  charge  on  the  N-(  is  related  to  the  position  of  the  quasi- 
Fcrmi-level  tp^  at  the  interface.  The  origin  of  these  fast  interface  states  is  still  heavily  disputed.  There  is  some  evidence  thal  a  hole 
trapping  with  a  successive  electron  capture  is  a  possible  mechanism/2/.  However,  a  model  consistent  with  the  experimental  findings  is 
required  if  the  degradation  process  is  to  be  investigated/3/. 

The  second  major  problem  is  the  calculation  of  the  number  of  high  energetic  carriers  in  Si.  The  energetic  range  we  are  interested  in  is 
1.2  eV  (-50  kT)  and  higher.  The  average  energy  of  the  carriers  that  we  can  calculate  with  one  of  the  approaches  outlined  above  is  of 
the  order  of  10  kT,  at  room  temperature.  This  permits  an  independent  modelling  of  the  high  energy  tail  of  the  distribution  function. 
These  carriers  are  experimentally  accessible  only  indirectly  by  substrate  and  gate  current  measurements.  Both  currents  test  a  different 
energy  range.  The  threshold  energy  for  impact  ionisation  is  between  1.2  eV...1.8  eV.  For  oxide  injection  an  energy  of  3.2  eV  (4.8  eV) 
for  electrons  (holes)  is  required.  In  contrast  to  the  previous  problem  an  explicit  form  of  the  distribution  function  in  terms  of  space  and 
energy  has  to  be  known. 

The  lucky  electron  model  is  based  on  the  Shockley  raodel/20/  in  which  only  those  electrons  are  considered  that  follow  the  electric  field 
lines  until  they  reach  the  required  energy  without  experiencing  a  collision.  This  ballistic  approach  implies  that  scattering  is  weak.  This 
is  not  confirmed  by  Monte  Carlo  calculations/21/.  In  contrast,  it  is  shown  that  once  the  particles  exceed  the  energy  of  an  optical 
phonon  eJ0p,~  60  meV  scattering  is  very  effective.  Particles  with  e  >  >  u  t  are  distributed  very  isotropically.  The  physical  reason 
for  this  is  that  strong  optical  phonon  scattering  randomizes  the  motion  of  the  carriers  and  does  not  allow  a  path  to  be  followed  along 
the  field  line.  An  analytical  solution  of  the  Boltzmann  equation  in  the  limit  c  >  >  u  0p(  in  a  constant  electrical  field  is  available/22/ 
and  can  serve  as  a  foundation  for  further  modelling  efforts/23/.  Ridlcy/24/  established  the  lucky-drift-modc  model  which  serves  as  a 
bridge  between  the  pure  ballistic  approach  and  the  statistical  approach  by  Keldysh.  The  principal  ideas  of  how  to  model  the  high 
energetic  carrier  distribution  are  developed  for  constant  electric  fields.  The  MOSFET  provides  a  very  inhomogeneous  field  profile  and 
therefore  models  have  to  be  developed  that  lake  account  of  the  fact  thal  the  field  varies  over  the  ionization  length  djQn  =C  i  Jq  E 
/I8.23.25/. 

A  suitable  model  for  the  high  energetic  carrier  distribution  should  be  able  to  explain  substrate  and  gale  current.  The  substrate  current 
is  easily  calculated  by  introducing  a  generation  rate  due  to  impact  ionisation  on  the  right  hand  side  of  the  continuity  equation.  The 
situation  is  not  so  simple  for  the  gate  current.  Once  the  carriers  are  injected  into  the  SiC^  they  will  not  necessarily  end  up  at  the  gate 
electrode  to  be  detected  as  gate  current.  If  for  instance  VD  >  >  Vq  >  there  is  a  strong  electron  injection  after  the  pinch-off 
point  in  an  n-channel  device.  However,  the  vast  majority  of  these  electrons  will  no!  reach  the  gate  electrode  because  Ihe  electric  field 
opposes  their  motion.  Nevertheless  they  can  still  be  very  effective  in  filling  possible  traps  in  Ihe  oxide  near  the  interface.  A  rigorous 
approach  to  calculating  the  gale  current  can  only  be  to  consider  the  transport  of  the  injected  carriers  (electrons  and/or  boles)  in  the 
gate  oxide.  This  can  still  be  done  by  using  a  modified  drift-diffusion  approach  because  a  stationary  state  of  carriers  and  field  exists  for 
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the  oxide  thickness  used  in  submicron  MOSFET  (t  >  8  nm).  It  has  to  be  taken  into  account,  however,  that  the  injected  carriers  are 
far  away  from  a  stationary  state  with  the  gate  field.  They  need  a  distance  of  3  nm  to  relax  to  the  oxide  field/26/. 

Once  the  transport  problem  in  the  oxide  is  solved  the  distribution  of  carriers  in  the  oxide  region  is  known.  This  is  the  precondition  for 
studying  the  development  damage  caused  by  different  mechanisms  of  trapping  and  detrapping  of  charge  in  the  oxide.  At  this  point, 
enter  certain  assumptions  of  the  trap  distribution  in  the  oxide  (oxide  quality,  material  properties)  and  models  how  this  traps  are  active. 
A  very  important  feature  here  is  the  time  development  of  a  static  stress  experiment.  Several  attempts  to  study  this  can  be  found  in  the 
literature/2^7/.  However,  none  of  these  takes  into  account  the  feedback  of  the  trapped  charges  into  the  electric  field  in  Si,  which  in 
turn  will  modify  the  number  of  injected  carriers/26/.  This  is  especially  important  if  high-voitage,  short-time  stress  is  compared  with  low- 
voltage,  long-time  stress. 

Another  feature  that  can  be  studied  if  the  correct  distribution  of  carriers  in  the  oxide  is  known,  is  the  drift  of  carriers  into  regions  of 
low  injection  but  high  trap  density.  An  example  is  given  by  trapped  charges  above  the  n'-region  in  a  LDD  device.  These  are 
responsible  for  a  series  resistance  degradation. 

IV)  OPTIMIZATION  OF  SOURCE/DRAIN  STRUCTURES 

After  having  considered  the  experimental  degradation  data  and  theoretical  aspects  of  hot  electron  modelling  we  turn  in  this  section  to 
the  question  of  how  an  efficient  design  of  a  refined  source/drain  structure  can  improve  the  device  lifetime.  Most  concepts  aimed  at 
improving  the  device  reliability  have  focused  first  on  the  reduction  of  the  lateral  electric  field  strength  by  making  the  p-channel  to  n  +  - 
drain  transition  less  abrupt.  These  concepts  are  represented  by  phosphorus,  and  arsenic-phosphorus  source/drain  junctions  /28 /,  and 
most  prominently  and  successfully  by  the  lightly  doped  drain  (LDD)  structure  /29 /.  The  LDD  region  is  introduced  between  the  p- 
channel  and  n  +  -drain  to  spread  the  high  electric  field  at  the  drain-pinch-off  region.  This  measure  diminishes  the  impact  ionization  and 
consequently  reduces  both  the  substrate  current  and  hot  carrier  injection  into  the  gate  and  sidewall  spacer  oxide. 

However,  a  number  of  puzzling  effects  have  recently  been  identified  in  LDD  structures  and  explained  by  Orlowski  cl  al  /30,31/  which 
render  device  optimization  more  difficult.  The  new  effects  can  be  attributed  to  additional,  LDD-spccific,  peaks  of  the  lateral  field  in 
addition  to  the  well-known  conventional  peak  at  the  lateral  drain  junction. 

The  LDD  peaks  are  caused  by  a  sudden  variation  in  vertical  band  bending,  at  the  silicon  surface  due  to  the  rapid  decrease  of  the  gate 
field  strength  beyond  the  gale  edges.  On  the  drain  side  the  situation  is  aggravated  by  the  fact  that  for  small  gate-drain  overlaps 
(depending  on  LDD  concentration)  the  conventional  and  LDD  Geld  peak  are  no  longer  separated  but  overlap,  and  as  result  of  this 
enhance  one  another  considerably.  This  enhancement  of  both  peaks  is  detrimental  to  the  device  reliability  for  two  reasons:  i)  the 
enhanced  lateral  fields  are  located  just  at  the  surface  where  they  heat  up  the  carriers,  thus  facilitating  injection  into  the  oxide;  ii)  the 
enhanced  field  peak  is  located  at  least  partly  under  the  spacer  oxide,  which  is  probably  of  lower  quality  than  the  gate  oxide  and  thus 
displays  an  increased  cross  section  to  capture  and  trap  the  injected  carriers.  The  oxide  damage  is  locally  distributed  above  the  n  - 
region.  The  relevant  surface  states  and/or  fixed  charges  deplete  the  surface  of  the  n'-region  and  cause  early  degradation  of  the 
transconductance  and  the  drain  current.  Note  that,  assuming  the  same  oxide  damage  distribution  the  degradation  mentioned  above  will 
be  larger  for  a  lower  LDD  dose  than  for  a  large  one.  The  reason  for  this  is  that  a  n'-region  with  lower  concentration  can  be  more  easily 
depicted  than  a  high  concentration  region. 

We  like  to  point  out  that  the  aforementioned  overlap  and  enhancement  of  the  field  peaks  can  already  occua  at  such  high  LDD  doses  as 
4E13  cm'2  and  standard  drive-ins  at  900  °C  for  40  -  150  minutes.  This  is  due  to  high  surface  channel  doping  1017cm'2  for  T^ 

=  15  -  20  nm  and  VTh”  0.7  -  0.9  V  leading  to  strong  compensation  effects  with  the  source/drain  structures  and  partly  due  to  the 
additional  sidewall  spacer  for  the  LDD  implantation,  a  necessary  modification  of  the  conventional  LDD  geometry  (sec  discussion 
below). 

For  a  conventional  LDD  structure  the  only  way  out  of  this  predicament  is  to  increase  the  LDD  dose.  This  action  enhances  the  overall 
field  distribution,  except  at  the  gate  edge  where  the  field  peaks  are  separated  and  mutual  enhancement  avoided.  The  simulation 
predicts  higher  substrate  currents  for  the  higher  LDD  dose,  but  smaller  electric  fields  at  the  surface  beneath  the  gate  edge  and 
therefore  a  longer  device  lifetime  -  in  perfect  agreement  with  the  experiment. 

With  a  modified  LDD  structure  in  which  the  gate  electrode  overlaps  the  entire  LDD  region  (known  as  inside  LDD  realized  in 
structures  such  as  1TLDD/32/  and  GOLD  /33/)  an  entirely  opposite  procedure  would  be  adopted:  instead  of  increasing  the  LDD  dose, 
the  LDD  dose  would  be  lowered.  The  reason  is  simple:  since  the  gale  overlaps  the  entire  n'-region,  there  is  no  gale  edge  effect  and 
consequently  no  LDD  field  peaks  and  therefore  no  enhancement  of  the  conventional  peak.  On  the  other  hand  the  conventional  field 
peak  will  decrease  with  lower  LDD  dose,  leading  to  a  smaller  substrate  current  and  smaller  degradation  at  the  same  time.  This  has 
been  also  confirmed  experimentally  /32,33/. 

Another  important  issue  within  the  context  of  conventional  LDD  structures  (but  equally  important  for  refined  LDD  structures)  is  the 
sidewall  spacer  for  LDD  implantation,  or  LDD  spacer  for  short.  In  contrast  to  the  conventional  sidewall  spacer  for  n  +  -implantation, 
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which  is  a  CVD  oxide,  the  LDD  offset  spacer  is  due  to  the  reoxidation  of  the  gate.  The  purpose  of  the  LDD-spacer  is  to  remove  the 
LDD  implantation  damage  in  the  oxide  from  the  gate  edges.  It  seems  that  the  implantation  damage  leads  to  a  greater  degradation. 
MOSFET  transistors  have  been  fabricated  with  and  without  the  LDD  spacer  under  otherwise  identical  conditions.  The  stress 
experiment  shows  that  the  variant  without  the  LDD-spactr  degrades  more  strongly  than  the  variant  with  the  LDD  spacer,  in  conflict 
with  the  theoretical  prediction  /30/.  On  the  other  hand,  all  differences  in  device  lifetime  for  different  LDD  structures  among  transistors 
with  and  without  LDD-  spacer  were  in  perfect  agreement  with  theoretical  considerations.  It  was  therefore  concluded  that  the 
implantation  generates  additional  traps  in  the  oxide,  thus  enhancing  the  overall  capture  probability  of  the  injected  carriers.  Thus, 
although  in  the  case  of  an  LDD  structure  without  LDD  spacer,  fewer  hot  carriers  are  injected  into  the  oxide,  there  is  more  oxide 
damage  and  consequently  stronger  degradation  due  to  a  significantly  higher  capture  cross  section  in  the  damaged  oxide  than  in  the 
case  of  an  LDD  structure  with  LDD  spacer. 

Thus  the  use  of  an  LDD-spacer  is  an  essential  precondition  for  a  degradation  resistant  MOSFET.  It  should  also  be  noted  that  an 
LDD-spacer  alleviates  the  short  channel  effects  too.  At  the  present  state  of  conventional  LDD  structures,  an  LDD-spacer  (by 
reaxidation)  of  about  SO  nm  with  a  sufficient  gate-drain  overlap,  100  - 150  nm,  offers  optimum  reliability. 

To  summarize  this  pan  devoted  to  conventional  LDD  structures  including  the  ITLDD-/32/,  GOLD-/33/,  and  PLDD  /34 /  versions,  it 
can  be  said  that  the  theory  /30/  and  simulation  give  useful  and  practical  guidelines  for  prevention  of  hot  electron  damage  in  submicron 
MOSFETs.  However,  if  the  aim  is  to  further  improve  the  transistor  reliability,  or  to  maintain  it  with  a  reduced  transistor  geometry, 
conventional  LDD  structures  must  be  abandoned  in  favor  of  refined  LDD  structures  such  as  profiled  LDDs  735/  or  buried  LDDs  736/ 
or  graded-buried  LDDs  73 6/  or  consider  a  buried  channel  structure  /37/. 

Before  embarking  on  a  discussion  of  these  modifications  it  should  be  pointed  out,  that  although  these  structures  clearly  offer  more 
parameters  to  construct  more  sophisticated  LDD  structures  and  possibly  to  improve  the  long-term  stability  of  the  device,  they  also 
possess  many  more  pitfalls  which  render  the  devices  worse  than  their  conventional  cousins.  This  plight  is  aggravated  by  the 
circumstance  that  in  contrast  to  the  case  for  conventional  LDD  devices,  the  theory  and  simulation  up  to  now  provide  only  vague 
guidance  for  purposefully  optimizing  the  refined  structures. 

The  profiled  LDD  structure  (PLDD)  734/  results  from  the  insight  provided  by  the  simulation  that  the  LDD  n'-region  is  divided  into 
two  parts.  One  is  a  graded  profile  region  near  the  n  -channel  junction,  which  must  reduce  the  electric  field  sufficiently  and  suppress 
hot  carrier  generation,  so  that  the  lateral  impurity  profile  of  the  junction  is  not  changed.  The  other  one  is  a  Oat  n'-surface  profile 
region.  Most  of  the  generated  surface  states  are  distributed  above  the  latter  region,  and  give  rise  to  an  increase  of  the  parasitic 
resistance.  Therefore,  in  the  latter  region,  a  sufficiently  high  concentration  is  required.  This  is  achieved  by  an  additional  shallow  arsenic 
implantation  to  form  a  double  diffused  highly  doped  drain.  Although  more  reliable  protection  from  hot-carrier  injection  has  been 
reported  than  for  conventional  LDD-devices,  it  might  be  doubted  whether  this  structure  is  really  better  than  an  optimized  conventional 
LDD  structure.  This  positive  judgement  on  PLDDs  is  based  on  a  comparison  with  conventional  LDD  transistors  without  the  LDD 
spacer,  which  entails  -  as  we  know  -  considerably  enhanced  degradation.  Furthermore,  the  additional  As  implantation  tends  to  increase 
the  electric  fields  at  the  surface  dramatically  unless  the  subdiffusion  of  the  phosphorus  part  of  the  n'-region  is  large  enough.  For  this 
reason  this  design  should  be  discarded  for  practical  purposes. 

A  more  subtle  and  more  promising  approach  is  represented  by  the  buried  LDD  (BLDD)  structure  /35 /.  In  contrast  to  PLDD  the 
BLDD  employs  a  deep  arsenic  n'-implant  instead  of  a  shallow  one.  The  arsenic  dose  is  chosen  such  that  a  peak  in  the  n'-impurity 
profiles  occurs  appreciably  (100  nm)  below  the  Si-Si02  interface  forming  a  "buried"  n’-layer  whereas  in  the  conventional  LDD 
structures  the  n'-doping  peaks  at  the  surface.  Since  the  maximum  lateral  field  occurs  where  the  n'-doping  is  heaviest,  the  maximum 
field  is  removed  from  the  Si-Si02  interface  as  verified  by  the  simulation.  Thus  the  impact  ionization  occurs  further  away  from  the 
surface  and  the  hot  carriers  near  the  surface  experience  a  reduced  electric  field  and  are  thus  less  likely  than  surface-heated  electrons 
to  overcome  the  oxide  energy  barrier  and  to  damage  the  interface  and  the  oxide.  In  addition  one  should  attempt  to  separate  the 
current  path  and  the  maximum  electric  field,  such  that  the  maximum  current  density  detours  the  field  peak  resulting  in  a  decrease  of 
the  bulk  current  and  giving  further  relief  to  the  oxide  damage. 

The  buried  channel  structure  fill  exploits  a  similar  idea  of  shifting  the  carriers  away  from  the  Si-Si02  interface.  The  experiments 
suggest  that  buried  channel  devices  are  more  resistant  to  hot  carrier  effects  than  surface  channel  devices.  This  is  attributed  to  the 
deeper  and  broader  current  path  in  the  buried  channel  structure  using  p  +-  polysilicon  gate  technology  738/.  The  probability  that  hot 
carriers  with  an  energy  greater  than  the  barrier  height  can  reach  the  Si-Si02  interface  is  supposed  to  be  smaller  in  the  buried  channel 
than  in  a  surface  channel  device.  At  the  same  time,  buried  channel  devices  have  a  higher  effective  mobility  than  surface  channel 
devices. 

In  our  opinion,  a  buried  channel  io  conjunction  with  a  buried  LDD  structure  may  be  a  promising  candidate  for  submicron  MOSFETS. 
We  now  turn  to  the  question  of  how  to  optimize  the  refined  LDD  structures.  The  experimental  data  and  simulation  show  that  when 
comparing  refined  LDD  structures  with  optimized  conventional  LDD  structures  it  is  no  longer  sufficient  to  study  the  magnitude  and 
lateral  location  of  the  relevant  field  peaks  alone.  The  magnitude  of  the  field  peaks  may  be  very  «imll»r  but  the  degradation  may 
nonetheless  be  significantly  different.  There  are  two  main  reasons  for  this  circumstance:  i)  the  degradation  is  extremely  sensitive  to 
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even  small  differences  in  the  field  peaks  above  3-lO^V/cm,  ii)  even  assuming  the  magnitude  of  the  field  peaks  to  be  identical,  the 
degradation  will  still  depend  considerably  not  only  on  the  lateral  but  also  on  the  transverse  location  of  the  field  peaks,  or  more 
generally,  it  will  depend  on  many  subtle  differences  in  the  entire  distribution  of  the  lateral  and  transverse  electric  fields  between  the 
pinch-off  point  and  the  drain  contact.  It  will,  for  instance,  depend  on  the  extent  and  location  of  the  overlap  between  the  current  path 
and  the  high  field  distribution,  see  Chapter  m.  There  are  unfortunately,  no  clear  criteria  for  weighting  such  differences  with  respect  to 
degradation. 

This  situation  calls  for  a  refined  model  and  theoretical  insight  to  guide  the  optimum  design  for  modified  LDD  structures.  The  model 
given  above  for  conventional  LDD  structures  130/  cannot  discriminate  the  aforementioned  subtle  differences  in  the  field  distribution, 
which  are  vital  for  the  degradation  properties  of  the  device.  A  model  is  needed  which  provides  clear  criteria  for  process  parameters  to 
achieve  an  optimum  design  for  hot  carrier  resistant  source/drain  structures. 

Though  we  still  lack  such  a  model,  it  seems  to  be  clear  in  which  direction  the  research  effort  must  proceed.  Firstly  the  distribution  of 
injected  hot  electrons  and  hot  holes  into  the  oxide  must  be  consistently  calculated.  Secondly  the  capture,  trapping  probabilities 
(depending  on  interface,  gate  oxide  and  spacer  oxide  quality)  and  interaction  between  holes  and  electrons  U1  have  to  be  reliably 
described.  Thirdly  the  transient  build-up  of  the  oxide  damage  at  different  operating  conditions  has  to  be  taken  into  account.  Fourthly 
the  influence  of  the  oxide  damage  on  the  transistor  performance  must  be  known.  The  latter  point  was  already  included  in  the 
simulation  /7,26/. 

Finally,  by  reversing  this  chain  of  the  analysis,  it  should  be  possible  to  determine  the  optimum  process  parameters  and  the  most 
suitable  geometry  for  the  device.  The  theoretical  work  outlined  in  Chapter  HI  shows  that  significant  developments  towards  such  a 
comprehensive  model  have  already  been  implemented  or  are  in  progress. 
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ABSTRACT 

A  new  method  has  been  developed  for  the  growth  of  graded  band-gap 
AI1Gaj_,As  alloys  by  molecular  beam  epitaxy  which  is  based  upon  electron 
beam  evaporation  of  the  Group  III  elements.  The  metal  evaporation  rates  are 
measured  real-time  and  feedback  controlled  using  beam  flux  sensors.  The 
system  is  computer  controlled  which  allows  precise  programming  of  the  Ga  and 
AJ  evaporation  rates.  The  large  dynamic  response  of  the  metal  sources  enables 
for  the  first  time  the  synthesis  of  variable  band-gap  AlxGaj_xAs  with  arbitrary 
composition  profiles.  This  new  technique  has  been  demonstrated  in  the  growth 
of  unipolar  hot  electron  transistors,  graded  base  bipolar  transistors,  and  re¬ 
shaped  barrier  superlattices. 


The  optical  and  electronic  properties  of  Al,Ga]_,As/GaAs 
heterojunctions  and  quantum  wells  have  been  extensively  studied  in  materials 
grown  by  molecular  beam  epitaxy  (MBE).  There  are,  however,  a  number  of 
interesting  structures  which  have  been  proposed  which  require  precise  alloy 
grading  over  atomic  dimensions.  The  ability  to  tailor  band  structure  to  obtain 
novel  electrical  and  optical  properties  is  termed  "band-gap  engineering".!1! 
Previous  attempts  to  obtain  alloy  grading  by  varying  the  temperature  of  MBE 
effusion  cells  have  been  only  marginally  successful  and  have  serious 
limitations J2- This  is  related  to  the  large  thermal  inertia  and  restrictions  in 
heating  and  cooling  rates  of  the  MBE  effusion  cells  which  leads  to  slow 
modulation  of  the  beam  flux  along  with  a  time  lag  in  response.  In  addition, 
variations  in  the  growth  rates  determined  by  the  Group  III  molecular  beam 
fluxes  seriously  complicates  the  problem  of  obtaining  arbitrary  alloy  grading. 
Thus  Group  III  sources  with  large  dynamic  response  are  required  for  band  gap 
engineering  of  Al^Ga^As.  Several  different  approaches  could  be  used  which 
include  electron  beam  heated  sources  which  are  typically  used  to  evaporate  Si 
and  refractory  metals, gas  sources, !6I  and  ion  beam  sources.!7! 
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We  recently  reported  on  the  use  of  electron  beam  source  VIBE  growth  of 
m-V  compounds.!8!  this  paper,  we  discuss  the  use  of  this  technique  for 
precise  analog  grading  of  AJ,Ga,_xAs  and  its  application  in  the  growth  of 
unipolar  hot  electron  transistors,  graded  base  bipolar  transistors,  and  M-shaped 
barrier  superlattices. 


Fig.  1. 


Schematic  diagram  illustrating  the  geometry  of  the  el<  ?tron-beam 
source  III-V  molecular  beam  epitaxy  system. 
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The  geometry  of  the  e-beam  source  MBE  system  is  shown  schematically  in 
Figure  1.  The  MBE  system  Is  a  vertical  design  which  is  necessitated  by  the  use 
of  the  electron  beam  evaporation  sources  and  is  similar  in  design  to  systems 
used  for  silicon  or  metals  epitaxy.  Three  electron  beam  sources  are  used  to 
evaporate  Ga,  Al,  and  In  since  these  elements  have  unity  sticking  coefficients 
and  determine  the  alloy  composition  in  III-V  compound  semiconductors  grown 
by  MBE.  A  large  capacity,  300  cm3  arsenic  source  with  a  high  temperature 
cracker  is  used  to  generate  an  As2  molecular  beam.  A  Si  strip  heater  and  small 
2  cm3  Be  effusion  cell  are  used  as  n-  and  p-type  doping  sources,  respectively. 
All  the  molecular  beam  sources  have  separate  mechanical  shutters  which  are 
computer  controlled.  A  substrate  manipulator  which  allows  substrate  heating 
and  rotation  is  located  250  mm  above  the  source  flange.  Indium-free  wafer 
holders  for  50  mm  and  75  mm  substrates  can  be  fitted  on  the  manipulator. 


EVAPORATION 

SOURCE 

(OV) 


Fig.  2.  Block  diagram  of  the  feedback  control  loop  for  the  electron-beam 
evaporation  sources. 
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A  block  diagram  of  the  feedback  control  loop  used  to  measure  and 
program  the  evaporation  rates  for  the  Ga  and  A1  e-beam  sources  is  shown  in 
Figure  2.  Both  a  modulated  ion  gauge  and  a  commercially  available  Inficon 
Sentinel  m  flux  sensor^  have  been  used  successfully  to  measure  the  molecular 
beam  fluxes.  They  both  have  adequate  sensitivities  to  measure  and  control 
evaporation  rates  as  low  as  0.01  A  /sec.  The  Sentinel  III  flux  sensor  which  uses 
a  transducer  based  upon  electron  impact  emission  spectroscopy  is  superior  from 
the  standpoint  of  materials  selectivity  and  its  immunity  from  charged  particles 
causing  measurement  error.  An  amplified  analog  signal  which  is  directly 
proportional  to  the  molecular  beam  fluxes  or  evaporation  rates  is  input  to  a 
digital  controller  which  interfaces  with  the  e-gun  power  supply.  The  bandwidth 
for  the  feedback  control  loop  of  the  Sentinel  III  flux  sensor  is  8  Hz.  A  computer 
communicates  with  the  digital  controller  on  a  RS  232  bus  and  updates  the 
evaporation  rate  setpoints  every  second.  An  absolute  calibration  of  the 
molecular  beam  fluxes  is  made  in  situ  by  use  of  reflection  electron  diffraction 
oscillations.!10! 

Precise  alloy  grading  of  AlxGa!_xAs  is  accomplished  by  the  following 
method.  The  AlxGai_xAs  growth  rate  is  kept  constant  during  epitaxy  and  is 
just  the  sum  of  the  individual  growth  rates  for  AlAs  and  GaAs.  The  normalized 
growth  rate  for  AlxGai_xAs  can  be  expressed  as 

rAIGaAs  *=  rAlAs  +  rGaAs  ”  1 

The  A1  mole  fraction  of  the  alloy  is  given  by  the  ratio  of  the  AlAs  growth  rate  to 
the  total  growth  rate 

^  rAlAa 
rAlAs+rGaAs 

Now  if  the  individual  growth  rates  are  varied  such  that 

«'AlAs(t)  “  f(t) 

rGaA*(t)  “  1  — f(t) 

then  the  time  dependent  alloy  composition  during  growth  is  simply  given  by 

x(t)  -  f(t). 

Also  since  r^GaAs  remains  constant,  then  the  position  dependence  of  A1  alloy 
composition  can  also  be  expressed  as 

*(d)  -  f(t) 


I  where  d  **  r/jQ^-t  is  the  position  within  the  epilayer.  Thus  it  is  evident  that 

'  even  very  complicated  mathematical  expressions  for  alloy  grading  such  as 

l 
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parabolic,  sinusoidal,  or  exponential  can  be  readily  obtained  by  computer 
programming. 

An  AlxGaj-jAs  unipolar  hot  electron  transistor  was  grown  by  e-beam 
source  MBE  using  analog  grading  for  the  emitter  and  collector  barriersJ11!  A 
SIMS  profile  of  the  A1  alloy  composition  in  the  electron  barriers  is  shown  in 
Figure  3.  The  structure  was  designed  with  a  collector  barrier  peak  of  x  =  0.35 
and  an  emitter  barrier  peak  of  x  =  0.3.  The  long  and  short  arms  of  the  graded 
barrier  were  1000A  and  90A,  respectively  with  a  barrier  peak  width  of  50A. 
The  emitter,  base,  and  collector  were  doped  n-type  to  lX1018cm-3  and  the 
graded  barriers  to  lX1016cm-3.  Mesa  transistors  were  fabricated  using  anodic 
etching  to  the  base  and  wet  chemical  etching  to  the  collector  followed  by  an 
alloyed  Au/Ge/Ni  metallization  for  contacts.  Hot  electron^pectroscopyl12-  13l 
was  performed  on  a  transistor  with  a  base  width  of  4 00 A  at  4.2*  K.  The 
derivative  spectrum  of  collector  current  shows  clear  evidence  of  a  "ballistic" 
electron  peak.  This  is  the  first  time  that  ballistic  transport  has  been  seen  in 
analog  graded  AlxGai_xAs  structures.  It  should  be  noted  that  in  a  number  of 
attempts  to  simulate  alloy  grading  by  using  variable  duty  cycle  chopped 
Al,Gaj_xAs/GaAs  superlattice, no  ballistic  peak  was  observed.  We  infer 
from  this  that  the  multiple  interfaces  or  trapped  impurities  at  the  interfaces  in 
the  chopped  superlattices  leads  to  enhanced  electron  scattering  suppressing 
ballistic  transport. 


Fig.  3.  Secondary-ion-mass-spectrometer  measurement  of  the  A1  alloy 
composition  in  the  analog-graded,  unipolar,  hot  electron  electron 
transistor. 
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The  A1  beam  flux  signal  in  (he  growth  of  a  graded  band-gap  base 
AIxGai-jAs/GaAs  heterojunction  bipolar  transistor  is  shown  in  Figure  4.  The 
A1  composition  is  graded  from  x  —  0.04  to  x  »  0.2  in  the  1000  A  base  region. 
The  emitter  junction  is  also  graded  from  xt—  0.2  to  x  ■»  0.33  over  300  A  and 
then  graded  back  down  to  x  —  0  over  500  A  for  the  emitter  contact  region.  It 
has  been  previously  demonstrated  that  alloy  grading  in  the  base  results  in  a 
quasi-electric  field  in  the  base  which  reduces  the  base  transit  timei,s~1B)  The 
precise  grading  control  is  clearly  illustrated  here. 


Fig.  4.  A1  beam  flux  signal  in  the  growth  of  a  graded  base  heterojunction 
bipolar  transistor. 


The  Al  beam  flux  signal  in  the  growth  of  an  M-shaped  barrier  superlattice 
is  shown  in  Figure  5.  This  superlattice  is  used  in  an  intersubband  absorption 
quantum  well  photodetectorJ17- ,8I  The  Al  composition  was  linearly  modulated 
from  x  *■  0.3  to  x  =  0.15  and  back  to  x  =  0.3  over  a  distance  of  150  A .  The 
sample  contained  a  50  period  superlattice  and  was  grown  continuously  without 
interruption.  The  excellent  linear  grading  profile  is  apparent,  and  it  is  obvious 
that  such  a  structure  would  be  impossible  to  grow  using  conventional  effusion 
cell  sources. 
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TIME  (mo) 

Fig.  5.  A1  beam  flux  signal  in  the  growth  of  an  M-shaped  barrier 
superlattice. 


In  conclusion,  a  new  technique  has  been  developed  for  the  growth  of 
graded  AJrGai_,As  structures  with  arbitrary  alloy  profiles  by  molecular  beam 
epitaxy.  The  system  uses  Ga  and  A1  electron-beam  heated  evaporation  sources 
which  are  measured  real-time  and  feedback  controlled  using  beam  flux  sensors. 
The  MBE  system  has  been  used  to  grow  novel  A)xG&)_xAs  graded  alloy  devices. 

We  gratefully  acknowledge  partial  support  of  this  work  through  NASA 
Goddard  Space  Flight  Center  contract  NAS5-28602. 


C4-614 


JOURNAL  DE  PHYSIQUE 


REFERENCES 


[lj  F.  Capasso,  Ann.  Rev.  Mater.  Sci.,  16,  263-01  (1986). 

[2]  J.  P.  Harbison,  L.  D.  Peterson,  J.  Leskoff,  Proe.  Fourth  Int.  Conf.  MBE, 
U.  of  York,  September  1986  (to  be  pub.  J.  Cryst.  Growth). 

[3]  N.  J.  Sauer,  T.  Y.  Chang,  A.  H.  Dayem,  E.  H.  Westerwick,  J.  Vac.  Sci. 
Tech.  B,  5,  718  (1987). 

[4]  K.  Alavi,  A.  Y.  Cho,  F.  Capasso,  and  J.  Allam,  J.  Vac.  Sci.  Tech.  B,  5, 
802  (1987). 

[5]  J.  C.  Bean,  Proc.  Fourth  lnt.  Conf.  MBE,  U.  of  York,  September  1986  (to 
be  pub.  J.  Cryst.  Growth). 

[6]  M.  B.  Panish,  H.  Temkin,  and  S.  Sumski,  J.  Vac.  Sci.  Tech.  B,  S,  657 
(1985). 

[7]  S.  Shimizu,  O.  Tsukakoshi,  S.  Komiya,  and  Y.  Makita,  Jap.  J.  Appl. 
Phys.,  24,  1130-40(1986). 

[8]  R.  J.  Malik,  J.  Vac.  Sci.  Tech.  B,  5,  722  (1987). 

[9]  Inficon  Leybold-Heraeus  Co.,  Syracuse,  NY  13057. 

[10]  J.  H.  Weave,  B.  A.  Joyce,  P.  J.  Dobson,  and  N.  Norton,  Appl.  Phys.  A, 
SI,  1  (1983). 

[11]  R.  J.  Malik  and  A.  F.  J.  Levi,  Appl.  Phys.  Lett.,  5S  (1988). 

[12]  J.  R.  Hayes  and  A.  F.  J.  Levi,  IEEE  J.  Quantum  Electron.,  QE-S2,  1744 
(1986). 

[13]  M.  Heiblum,  M.  I.  Nathan,  D.  C.  Thomas,  and  C.  M.  Knoedler,  Phys. 
Rev.  Lett.,  55,  2200  (1985). 

[14]  M.  Kawabe,  M.  Kondo,  N.  Matsuura,  and  K.  Yamamoto,  Jpn.  J.  Appl. 
Phys.,  22,  L64  (1983). 

[15]  B.  F.  Levine,  C.  G.  Bethea,  W.  T.  Tsang,  F.  Capasso,  K.  K.  Thornber,  R. 
C.  Fulton,  and  D.  A.  Kleinman,  Appl.  Phys.  Lett.,  42,  769  (1983). 

[16]  R.  J.  Malik,  F.  Capasso,  R.  A.  Stall,  R.  A.  Kiehl,  R.  W.  Ryan,  R.  Wunder, 
and  C.  G.  Bethea,  Appl.  Phys.  Lett.,  46,  600  (1985). 

[17]  B.  F.  Levine,  K.  K.  Choi,  C.  G.  Bethea,  J.  Walker,  and  R.  J.  Malik,  Appl. 
Phys.  Lett.,  50,  1092  (1987). 

[18]  K.  K.  Choi,  B.  F.  Levine,  C.  G.  Bethea,  J.  Walker,  and  R.  J.  Malik,  Appl. 
Phys.  Lett.,  50,  1814  (1987). 


Session  6A  Room  A  :  Miscellaneous 


JOURNAL  DE  PHYSIQUE 

Collogue  C4,  supplement  au  n°9,  Tome  49,  septembre  1988 


C4-617 


POSITION  RESOLVED  CARRIER  LIFETIME  MEASUREMENTS  IN  SILICON  POWER  DEVICES  BY 
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Abstract 

We  present  a  new  versatile  method  for  measuring  position  resolved  carrier 
lifetimes  in  semiconductor  power  devices,  using  time  resolved 
photoluminescence  spectroscopy.  The  experimental  results  obtained  at  ASCRs 
and  silicon  diodes  are  in  good  agreement  to  what  is  expected  from  the  doping 
profile.  In  addition  the  effects  of  lifetime  reducing  processes,  e.g.  gold 
diffusion,  e_~  or  H+-  irradiation  can  be  clearly  demonstrated.  The  resolution 
in  position  is  only  limited  by  carrier  diffusion. 

Introduction 

For  a  quantitative  understanding  of  fast  semiconductor  power  devices  a  detailed 
knowledge  about  carrier  lifetime  and  its  position  dependence  is  essential. 
Especially  the  lifetime  along  the  base  region  is  of  interest  since  it  determines 
several  important  properties  of  the  device,  like  the  forward  voltage,  the  reverse 
current  or  the  reverse  recovery  time.  With  steadily  increasing  requirements  on  such 
devices  new  manufacturing  techniques  are  needed  in  order  to  get  an  optimized  doping 
profile  and  a  well  defined  carrier  lifetime  profile  across  the  device.  Therefore  a 
thorough  understanding  of  the  influence  of  the  diverse  processing  parameters  on 
carrier  lifetime  is  needed. 

While  it  is  a  rather  simple  task  to  measure  bulk  lifetimes  in  homogeneously  doped 
samples,  things  get  more  complicated  for  devices.  In  the  latter  case  one  can  only 
determine  an  effective  lifetime  since  the  decay  of  excess  carriers  is  now  determined 
by  a  superposition  of  recombination  and  diffusion  processes.  In  addition  the  excact 
doping  profiles  as  well  as  the  distribution  of  recombination  centers  which  may  be 
present  wantedly  or  unwantedly  are  not  known  beforehand. 

In  this  paper  we  will  present  a  new  way  of  measuring  the  position  dependency  of 
carrier  lifetimes  in  semiconductor  power  devices  directly  by  using  time  resolved 
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photolum 1 nesc ence .  We  will  discuss  results  obtained  from  measurements  on  various 
prepared  asymetric  silicon  controlled  rectifiers  (ASCRs)  and  silicon  diodes. 

Experiment 

The  basis  of  our  method  is  the  excitation  of  electron-  hole  pairs  in  the  device  by 
a  pulsed  laser  beam  (  Ar-  Ion-  Laser,  X=  514  nm) .  These  eh-pairs  will  return  to  the 
ground  state  via  band-to-band  Auger  recombination  or  via  recombination  centers.  The 
lifetime  t  is  obtained  by  observing  the  temporal  development  of  the  decreasing 
luminescence  signal  since  signal  intensity  is  a  measure  for  the  density  of  minority 
charge  carriers. 

The  position  resolution  is  achieved  by  using  a  translation  stage  (see  fig.  2), 
which  can  be  moved  in  steps  as  little  as  1.25  im.  Thus  a  focussed  laser  beam  can  be 
scanned  across  the  device.  The  scan  will  yield  either  lateral  or  cross-sectional 
(dependent  on  the  preparation)  position  dependencies  of  the  lifetime.  Since  the 
focus  can  be  made  very  small  (1  iim  approx.)  the  only  limitation  in  position 
resolution  is  the  principal  resolution  limit  given  by  the  diffusion  length. 

A  typical  result  of  such  an  experiment  is  shown  in  fig.  1:  immediately  after  the 
excitation  a  rapid  non-  exponential  decrease  of  the  luminescence  signal  occurs  due 
to  surface  recombination  and  possibly  due  to  band-to-band  Auger  recombination 
because  of  the  high  carrier  density  in  that  time  intervall.  After  the  transition  to 
the  low  injection  case  an  exponential  decrease  with  time  constant  t  is  observed. 
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Fig.  1:  Example  for  time  development 
of  photoluminescence. 


Fig.  2:  Experimental  set-up. 
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Results  and  Discussion 

We  have  done  our  measurements  on  differently  prepared  ASCRs  and  silicon  diodes. 
The  schematic  cross-sectional  view  of  an  ASCR  is  depicted  in  fig.  3a.  The  results 
are  shown  in  fig.  3b-d.  Fig.  3b  shows  the  cross-sectional  lifetime  profile  for  the 
ASCR  with  no  additional  recombination  centers.  At  a  first  glance  a  variation  of 
carrier  lifetime  over  three  orders  of  magnitude  is  recognized.  By  comparison  with 
the  schematic  diagram  the  lifetime  profile  cam  be  understood  in  terms  of  the  doping 
profile.  The  rapid  decrease  at  the  ends  of  the  device  section  is  due  to  the  heavy 
doping  of  the  p+  and  n-  emitters.  Here  the  lifetime  is  limited  by  the  band-to-band 
Auger  recombination  /l/.  The  lifetime  gradient  along  the  n-base  is  explained  by  the 
inverse  gradient  of  the  doping  concentration  (transition  from  n-  to  n  -doping) .  In 
this  region  the  lifetime  is  not  limited  by  the  bulk  properties  but  rather  by 

diffusion  from  the  bulk  to  its  surfaces  and  interfaces.  The  pure  bulk  lifetime  for  a 
13  —3 

doping  level  of  10  cm  and  in  absence  of  recombination  centers  would  be  of  the 
order  of  some  milliseconds  /2/.  One  also  recognizes  a  significant  enhancement  of 
carrier  lifetime  at  the  p+-n  and  p-n+  junctions.  This  can  be  explained  by  a  carrier 
separation  of  the  excited  eh-pairs  by  the  build-in  electric  field,  which  will  reduce 
the  recombination  probability. 


anode 


position  (p.m) 


cothode 


Fig.  3a-d:  schematic  diagram  and  measured  lifetime  profile  for  three 
differently  prepared  ASCRs. 
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For  comparison  we  have  also  measured  cross-sectional  lifetime  profiles  for  two 
other  ASCRs,  which  are  differently  prepared  in  order  to  reduce  the  lifetime  in  the 
base  region  (fig.  3c  and  d) .  One  is  e  -irradiated  and  the  other  e~-irradiated  and 
gold  diffused.  It  is  clearly  seen  that  after  each  device  preparation  step  the 
effective  lifetime  in  the  base  is  reduced  by  roughly  a  factor  of  two.  In  the  case  of 
gold  diffusion  and  e~-irradiation  the  lifetime  gradient  in  the  n-base  disappears 
since  now  the  recombination  via  deep  level  impurities  dominates  /3/. 

In  fig.  4  the  measured  lifetime  profile  and  the  schematic  diagram  for  an  e~-  and 
H+-  irradiated  silicon  diode  is  shown.  From  the  lifetime  profile  it  is  clear  that 
the  H+-  irradiation  occurs  at  the  anode  side  and  that  the  penetration  depth  for 
protons  at  this  specific  energy  is  about  100  /im.  The  lifetime  gradient  is  again 
correlated  with  the  inverse  gradient  of  the  defect  concentration. 
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Fig.  4:  Schematic  diagram  and  measured  lifetime  profile  for  a  H+-  irradiated 
silicon  diode 


In  conclusion  we  have  demonstrated  the  usefulness  and  versatility  of  time  resolved 
photoluminescence  measurements  in  order  to  obtain  spatially  resolved  lifetime 
profiles  of  semiconductor  devices.  Results  can  be  obtained  directly  without  any 
complicated  parameter  fitting. 
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RESUME;  ,Un  module  compact  du  transistor  VDMOS  de  puissance,  compatible  avec  le  logiciel  ’SPICE2',  est  propose  En  tant 
qu'applications,  le  transistor  est  "simuld"  en  regime  de  commutation  sur  des  charges  rdsistives  et  inductives  et  les  rdsultats 
obtenus  sont  validds  par  des  mesures  expdrimentales. 

ABSTRACT:  A  compact  model  of  the  Power  VDMOS  Transistor  compatible  with  the  circuit  simulator  "SPICE2"  is  described 
in  this  article.  This  model  is  applied  to  the  simulation  of  switching  circuit  with  resistive  and  inductive  loads;  comparisons  with 
experimental  results  are  presented. 

I.  INTRODUCTION; 

In  the  Power  Mosfet  area,  several  suggestions  on  equivalent  circuit  have  been  recently  published  by  International 
Rectifier  [1],  Motorola,  RCA  [2]  Siemens  [3]  and  the  Washington  University  [4].  It  consist  in  rather  specific  models  obtained  by 
identification  of  some  electrical  characteristics:  for  a  given  model,  the  application  domain  is  not  valid  simultaneously  for  DC  and 
dynamic  operation,  as  well  as  for  resistive  and  inductive  loads.  These  models  can  use  two  active  components  from  the  SPICE 
library  which  are  the  MOS  and  the  JFET;  the  use  of  the  later  for  simulating  the  "quasi-saturation"  phenomenon  [5, 6]  is  no  more 
useful,  today, for  the  modeling  as  actual  structures  are  optimized  in  which  this  phenomenon  now  appears  only  for  drain  current 
level  over  the  nominal  current  rating. 

In  this  paper,  we  describe  a  basic  but  accurate  model  for  switching  circuits  with  resistive  and  inductive  loads.  This 
model  is  compatible  with  the  well  known  "SPICE"  software.  It  works  as  well  as  with  low  voltage  structures  (one  hundred  of 
volts)  of  both  standard  and  Logic  Level  (  L2FET  [5]  with  a  nominal  gate  source  voltage  of  5  volts)  types,  with  medium  voltage 
(100  -  500  volts)  and  high  voltage  devices  (>500  volts).  Its  configuration  is  based  on  a  more  complete  but  also  more  difficult  to 
handle  model  [8-1 0J  whose  parameters  are  all  related  to  the  physical  properties  and  topology  of  the  VDMOS  transistor.  Their 
values  can  be  obtained  from  datasheets  and  thanks  to  some  "classic"  measurements.  It  must  be  pointed  out  that  this  model 
takes  into  account  the  high  degree  of  non  linearity  of  the  gate-drain  and  drain-source  capacitors  and  also  some  short  channel 
effects  (variable  mobility,  etc...)  which  mainly  prevail  in  the  low  and  medium  voltage  structures. 

II  -  DESCRIPTION  OF  THE  VDMOS  TRANSISTOR  MODEL; 

11-1  -  VDMOST  structure  and  model  tocology: 

The  model  structure  is  directly  related  to  the  power  VDMOS  geometrical  topology  (see  Fig.1).  We  can  notice  on 
the  schematic:  i)  the  intrinsic  transistor  (conduction  channel)  represented  by  the  current  generator  Jd,  ii)  the  n-type  layer 
between  the  p  wells  with  the  access  resistance  Ra  to  the  channel  and  the  highly  non  linear  gate-drain  capacitor  Cgd,  i.e.  the 
depletion  capacitor  Cd  in  series  with  the  thin  gate  oxide  capacitor  Cgdmax,  iii)  the  low  doped  n-type  epitaxial  bulk  accounted  for 
by  the  drift  resistance  Rd,  the  pn  junction  capacitor  Cds  with  the  p  well  and  the  internal  body  diode  Dbody,  iv)  the  gate 
metallization  covering  over  the  N+  source  diffusion  which  creates,  through  the  thin  and  thick  oxide,  a  constant  parasitic 
capacitor  Cgso.  When  the  MOS  transistor  goes  through  a  switching  phase,  all  the  three  different  modes:  Blocked,  Ohmic  and 
Saturation,  are  involved.  The  model  (see  Fig.  2)  takes  into  account  these  three  functioning  modes.  In  the  figure  2,  the  conduction 
channel  under  the  gate,  i.e.  the  intrinsic  transistor,  is  described  by  the  current  generator  Jd  and  the  non  linear  capacitors  Cl 
andC2. 

In  the  "Ohmic’  mode  ( i.e.  Vd  <  Vp),  the  current  Jd  as  approximated  from  the  general  formulation  ,  is  given  by: 
■M-(u|V,.VT)4(„Vd/L.Eo)<IV8-VT)W'05V'li> 

with  Kp  -  po(Z/L).Cox,  where  Po  is  the  carrier  mobility  at  low  electric  field  level,  Z  the  channel  perimeter,  L  the  channel  length, 
Cox  the  gate  oxide  capacitor  per  unit  area,  Vg  and  Vd  the  gate-source  and  drain-source  potentials,  VT  the  threshold  voltage, 
"psi"  and  L.EO  are  the  potentials  related  to  the  effect  of  the  transverse  and  longitudinal  electric  fields  on  the  carrier  mobility  in 
the  channel  (i.e.  transverse  roll-off  limitation  and  longitudinal  velocity  saturation).  The  capacitors  Cl  and  C2  can  be  considered 
as  equal  and  are  approximated  to  (Cox.Z.L)/2  [10]. 

In  the  "Saturation"  mode  (i.e.  Vd  z  Vp),  the  drain  voltage  Vp  corresponding  to  the  onset  of  the  channel  pinch-off,  assuming  a 
perfect  current  saturation  i.e.  there  is  no  effect  of  channel  length  modulation  [1 1  ],  is  given  by: 


(*)  Ca  travail  aat  aoutanu  au  L.A.A.S.  du  C.N.R.S.  partiallamant  par  la  C.N.E.T.  (contrat  87  SB  075  790  9245  LAB/ICM/TOH) 
at  par  la  GRECO/CNRS  Elactrotachniqua. 
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(2)  Vp  =  L.E0((n2^J"l) 

In  that  mode,  the  channel  is  pinched  and  ‘’disappears*  on  the  drain  side,  so  does  the  capacitor  Cl ,  and  C2  takes  a  value  close  to 
2/3  Cox.Z.L  [8,9]. 

In  the  “Blocked*  mode  (i.e.  Vg  <  VT),  the  drain  current  will  theoretically  be  null  as  the  "subthreshold”  current  is  neglected,  and 
the  intrinsic  transistor  is  reduced  to  one  element:  the  oxide  capacitor  Cgsb.  Although  this  is  a  distributed  capacitor  over  the 
whole  P  region,  we  suppose  it,  for  the  model,  located  between  the  gate  and  source  electrodes  (Cgsb=Cox.Z.L). 

We  complete  the  model  with  the  source  inductance  Ls  which  can  induce  an  important  feed-back  effect  from  the 
output  to  the  input.  The  static  parameters  are  Kp,  VT,  psi,  L.EO,  Ra  and  Rd;  they  can  be  obtained  by  a  classical  way  with  low 
and  high  level  drain  voltage  measurements  [12].  The  dynamic  parameters  are  Rg,  Cl,  C2,  Cgso,  Cgsb,  Cgd,  Cds  and  Ls,  they 
can  be  partially  obtained  with  an  original  method  developed  previously  [10],  based  on  the  constant  current  gate  charge  relation. 

II- 2-  Implantation  of  the  model  for  SPICE  program; 

This  VDMOS  transistor  model  cannot  be  described  by  a  single  component  of  the  SPICE  library  so  it  is  necessary  to  build  a 
macro-component  (sub-circuit)  in  which  each  element  (non  linear  capacitor,  current  generator,  etc. )  is  a  part  of  this  library. 
Then  the  current  generator  Jd  is  represented  by  the  MOS  model  level  1  or  3,  and  the  non  linear  capacitors  Cds  and  Cd  thanks 
to  the  transition  capacitances  of  the  diode  model.  The  elements  Cgsb,  Cgso,  C2  are  represented  by  an  unique  capacitor  Cgs; 
this  one  is  constant  in  a  first  order  approximation  as  for  Ra  and  Rd  too.  The  capacitor  Cl  acts  only  in  the  "ohmic"  mode  so  it 
can  be  neglected  for  the  purpose  of  simulation.  The  remaining  SPICE  parameters  are  defined  as:  VMAX  /  MUO  =  EO  and 
THETA=1/psi.  The  macro  model  obtained  is  shown  in  Fig.  3.  We  propose  two  solutions:  i)  the  first  one  is  what  we  call  the 
"Switch  Solution"  because  in  order  to  simulate  the  non  linearity  of  the  Miller  capacitance  Cgd,  we  use  alternately  twr 
components:  a  diode  Cd*  and  a  capacitor  Cgdmax  which  are  switched  thanks  to  two  transistors  M2,3  of  the  model  level  1, 
ii)  the  second  one  requires  less  components  but  an  initialization  procedure  to  set  up  the  static  bias  of  the  middle  node  of  the  two 
capacitors  in  series  Cgdmax  and  Cd.  This  second  model  is  much  faster  in  CPU  time  than  the  first  one  as  the  transistor  number 
is  decreased  by  a  three  fold,  but  because  of  its  initialization  step,  it  cannot  be  set  up  as  a  "black-box"  sub-circuit.  The  related 
listings  can  be  supplied  by  the  authors. 

III.  APPLICATION  OF  THE  MODEL  IN  A  SWITCHING  CONFIGURATION: 

HI-1  •  Basic  considerations  on  the  device  operation: 

Beside  the  direct  mode,  the  model  takes  account  of  the  behaviour  of  the  device  within  the  third  quadrant  of  the  output  electrical 
characteristics  (Fig.4);  this  operating  mode  is  useful  for  the  modeling  of  applications  such  as  synchronous  rectifiers,  power 
energy  converters  and  controls,  in  particular,  those  without  "free-wheeling"  diodes.  In  this  case,  the  current  is  shared  by  both  the 
MOS  conduction  channel  and  the  "body"  diode.  It  is  worthy  to  notice  that,  at  "low  level"  current  (i.e.  compared  to  the  device 
rated  continuous  current),  the  channel  contribution  decreases  noticeably  the  conduction  losses  whereas,  at  higher  level,  the 
resistivity  modulation  of  the  drain  epilayer  by  the  diode  holes  injection  allows  an  overall  series  resistance  noticeably  lower  than 
the  MOS  on-state  resistance  RON  from  a  1 :2  to  1 :20  factor  for  60V  to  1 000V  device  voltage  ratings.  Thus  the  "body"  diode  is 
differentiated  from  the  element  Cds  in  the  model. 
in-2-  Switching  operation ; 

We  use  here  our  model  in  a  switching  configuration  (see  Fig.5)  and  look  at  the  gate-source  VGS,  drain-source  VDS  voltages  and 
drain  current  ID.  The  electrical  characteristics  are  simulated  under  SPICE  "transient  analysis"  option,  and  compared  to 
experimental  temporal  waveforms,  as  well  as  for  low  voltage  products  (MTP25N06L  -  60  volts)  and  for  high  voltage  ones 
(MTH5N100 -1000  volts). 

III- 2-1  -  Resistive  switching  (LD=0t : 

As  one  can  see  on  the  figure  6,  the  simulation  waveforms  agree  well  with  experimental  results.  If  we  look  closer  at 
the  switching  times  ton  and  toff,  we  notice  a  difference  less  than  10%  between  the  measured  and  simulated  values  for  all  the 
different  devices  studied. 
ni-2-2-  ln.0p^y9_switehinfllB-D=.Ql; 

This  test  is  more  realistic  since  it  covers  a  lot  of  applications  :  motor  drive,  converters  etc...  The  obtained 
waveforms  are  quite  different  from  those  studied  previously  on  resistive  loads  and  depend  on  how  big  the  time  constant 
LD/(RD  +  RON)  is.  Furthermore,  as  the  inductive  load  LD  on  the  transistor  drain  can  induce  very  high  voltage  spikes  at  turn 
off,  the  transistor  is  usually  clamped  by  several  different  ways :  "free  wheel"  diode,  SNUBBER,  Zener  clamp  etc.... 

At  first,  we  have  verified  that  the  model,  without  any  protection  on  the  drain,  allows  to  forecast  the  voltage  spike 
value  on  the  drain.  But  usually  Hie  device  is  protected  by  a  clamp  between  drain  and  source,  so  the  overvoltage  is  limited  to  a 
value  below  the  breakdown  voltage  of  the  MOST.  The  waveforms  we  got  in  this  configuration  are  shown  in  Fig.7a.  Fig.7b 
demonstrate  the  good  precision  of  the  simulation  for  both  the  voltage-current  values  and  waveforms.  The  overvoltage  is 
accounted  for  by  the  transient  factor  LD.dID/dt  which  can  be  very  high.The  drain  voltage  remains  equal  to  Vclamp  as  long  as 
there  is  energy  to  dissipate  in  the  load  LD.  As  soon  as  it  reaches  its  damping  value,  the  drain  current  falls  very  sharply  .  The 
time  needed  for  this  current  to  fall  to  zero  (as  it  is  setting  up  in  the  clamp)  depends  on  the  device  characteristics  (mainly  its 
source  inductance  Ls),  on  the  initial  peak  value  of  the  current  and  on  the  damp  used.  Depending  on  how  big  the  overvoltage  is, 
we  can  notice  some  oscillations  of  the  drain  voltage  whose  period  is  related  to  the  RLC  series  circuit  elements:  the  load  LD,  the 
drain-source  Cds  and  gate-drain  Cgd  capacitors,  the  damping  resistances  RD,  RON  and  RG. 

From  a  practical  point  of  view,  it  is  important  to  notice  that  a  transient  current  flows  into  the  gate  resistance  RG;  the  current 
value  is  proportional  to  dVDG/dt.  Thus  a  transient  gate  voltage  is  set  up  by  the  ohmic  drop  through  RG.  Particularly,  if  the  RG 
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•esistance  has  a  rather  big  value,  the  oscillations  can  bring  a  too  high  (dangerous)  gate  voltage  well  beyond  the  absolute  ratings 
of  the  transistor. 


IV.  CONCLUSION: 

We  have  shown  here  a  model  tor  VDMOS  power  transistors  (working  in  switching  mode)  applicable  to  the  analog  circuit 
simulator  U.C.  Berkeley's  SPICE2;  it  is  obtained  from  a  previous  and  more  complete  model  [8-10).The  SPICE  macro-component 
requires  five  static  "elements":  M1(Jd),  Dbody,  Rd,  Ra,  Rs,  and  six  dynamic  ones:  Cgdmax,  Cd,  Cgs,  Cds,  Rg,  Ls.  The  way  of 
determining  them  is  explained  in  the  several  reports  noted  in  the  references. 

The  future  work  will  consist  in:  i)  extending  these  results  to  other  Power  Mosfets  devices  from  the  Motorola  TMOS™  family 
(actually  -june  1988-  a  preliminary  library  can  be  furnished  on  request),  ii)  taking  into  account  the  thermal  effects  (at  least  a 
global  manner),  iii)  to  transfer  these  results  to  end  users  to  check  if  this  model  feeds  their  needs,  iv)  finally,  to  compare  this 
model  with  those  existing  from  other  laboratories:  especially  for  implantation  method,  parameters  extraction,  accuracy, 
calculation  speed.  About  this  last  criteria,  some  comparisons,  even  if  not  systematic,  have  been  performed  and  show  that  our 
model  is  better  with  a  factor  varying  from  30  to  80%  compared  to  other  proposed  configurations. 
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Figure  1 :  Cross  section  of  the  VDMOS  power  transistor. 
Localization  of  the  simplified  model  elements  . 


Figur  9  2:  Simplified  model  of  the  VDMOS  power  transistor  in 
conduction  (in  blocked  mode,  Cgsb  is  paralleled  to  Cgso). 
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PHYSICAL  BEHAVIOUR  MODELLING  OF  VDMOS  DEVICES 


J.  PAREDES,  J.  FERNANDEZ,  F.  BERTA,  S.  HIDALGO,  J.  REBOLLO  and 
J.  MILLAN 

Centro  Naclonal  de  Microelectronica,  CSIC-U71B ,  SP-08193  Bellaterra, 
Barcelona,  Spain 

Resume  -  Nous  proposons  un  modele  analytique  pour  expliquer  le  comportement  physique 
des  transistors  VDMOS  quel  que  soit  le  niveau  de  courant.  L' effect  de  quasi-saturation 
est  pris  en  compte  au  travers  de  la  saturation  de  la  Vitesse  des  porteurs  a  fort  champ 
electrique.  Des  transistors  VDMOS  interdigites  ont  ete  realises  et  les  simulations 
bidimensionelles  effectuees  en  vue  de  verifier  le  modele. 


Abstract  -  An  analytical  model  is  proposed  in  order  to  explain  the  physical  behaviour 
of  VDMOS  devices  at  any  DC  current  level.  The  quasi-saturation  effect  is  included 
considering  the  carrier  saturation  velocity  at  high  electric  fields.  Interdigitated 
VDMOS  devices  have  been  fabricated  and  2D  simulations  have  been  carried  out  to  check 
the  model. 


1  -  INTRODUCTION 

The  vertical  DMOS  transistor  is  one  of  the  most  usual  drivers  in  power  MOS  ICs  /l/.  The 
linear  region  of  its  I-V  characteristic  has  been  modelled  considering  a  surface  accumulated 
layer,  the  JFET  resistance  between  cells  and  a  bulk  epilayer  resistance  together  with  the 
active  channel  121.  Moreover,  in  previous  works  /3,  4/  the  current  pinching  was  responsible 
for  the  quasi-saturation  (q-s)  effect  or  limitation  in  the  current  handling  capability 
typical  at  high  current  levels.  In  contrast,  2D  simulations  /5/  have  not  shown  current 
pinching  between  cells  but,  contrarily,  there  is  a  majority  carrier  excess  in  the  JFET 
region,  suggesting  that  q-s  effect  is  due  to  carrier  velocity  saturation.  The  carrier  excess 
was  explained  by  means  of  a  dipole  similar  to  the  one  formed  in  a  JFET  channel  under  carrier 
velocity  saturation  conditions.  However,  none  of  the  previous  models  has  quantitatively 
explained  these  phenomena. 

This  work  is  aimed  to  study  the  detailed  physical  behaviour  of  the  VDMOS  to  avoid  the  tedious 
2D  CAD.  Interdigitated  VDMOS  structures  have  been  fabricated  and  2D  simulations  /6/  have  been 
carried  out  in  order  to  check  the  proposed  model. 


2  -  MODEL 

Due  to  the  axial  symmetry  of  the  VDMOS  structure  (see  fig  1),  current  and  electric  field 
equations  can  be  simplified  to  one-dimensional  analysis: 


My) 


[  -  kT  dn 

=  q  vi  n  E  +  -  — — 

l  9  dy 


[A ( y )  E]  =  A(y )  (nQ  -  n) 


(1) 

(2) 


where  n  is  the  epilayer  doping  level  and  A(y)  1b  the  cross-section  area  of  the  current  path. 
Suitable  approximations  in  the  different  regions  of  the  epitaxy  have  been  taken  into  account 
in  order  to  obtain  analytical  solutions  for  the  electric  field  distribution  and  for  the 
majority  carrier  concentration;  as  shown  in  fig.  1,  these  regions  are,  namely:  a)  the  surface 
accumulated  layer  induced  by  the  gate  effect  of  the  MOS  structure;  b)  the  JFET  region  between 
cells  and  c)  the  drift  region  up  to  the  drain  contact. 


a)  SUPERFICIAL  REGION.  The  limits  of  this  region  are  the  Si-SiO.  interface  and  the  null 
electric  field  point  inside  the  epilayer  ( y ^ ) ,  which  is  a  consequence  of  the  device  bias; 
i.e.,  Vg  and  V^  are  both  positive  while  the  source  is  grounded,  so  it  must  exist  a  point  of 
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minimum  potential  between  gate  and  drain.  This  region  has  been  splitted  into  two  zones  since 
the  electric  field  changes  from  very  high  values  at  the  interface  to  zero  at  the  other  edge. 
In  the  first  zone  under  the  gate  electrode,  S  ,  the  electric  field  and  the  carrier 
concentration  gradient  are  very  sharp  so  that  the  drift  (I  )  and  the  difiusion  (J  )  currents 
are  botn  much  greater  than  the  total  current  flowing  through  the  VDMOS.  Consequently,  n»n 
and  J^=  are  appropiate  approaches,  the  solution  being: 


(4) 


where  E  is  the  surface  electric  field, 
s 

The  second  zone,  S^,  lies  by  the  zero  electric  field  point;  therefore,  J  is  small  and  a 
linear  dependence  on  the  electric  field  has  been  assumed,  J  =  qpnE,  n^  %_eing  the  carrier 
concentration  at  the  y^  point.  Under  these  conditions  the  solution  is: 


E  =  A  exp (-ay) 


I 

q  U  n.  I 
b 


(5) 


c 

n  =  n  +  a  —  A  exp (-ay)  (6) 

o  q 

2  1/2 

where  A  is  an  integration  constant  and  a  =  (nfa  q  /ltTc s )  •  The  boundary  point  of  and 

zones,  the  constant  A,  and  y^  are  determined  imposing  the  continuity  condition  of  their 
solutions. 

b)  JFET  REGION.  This  region  spans  from  the  edge  of  the  former  zone  up  to  the  point  where 
current  is  no  longer  confined  by  the  depletion  layer  of  the  body-epitaxy  junction.  This  point 
is  found  assuming  this  junction  to  be  plane  in  punchthrough  mode  at  the  onset  of  the  junction 
curvature  (see  fig.  1).  Obviuosly,  the  length  of  this  region  depends  on  the  drain  voltage  but 
its  width  remains  constant  and  equals  the  cell  spacing  (  l) .  In  this  sense,  and  according  to 
this  model,  there  is  a  modulation  of  the  JFET  lenght  instead  of  a  modulation  of  the  JFET 
width  as  considered  in  previous  works  /3,4/. 


In  this  region,  the  carrier  concentration  is  close  to  n^  and  consequently  J^  is  negligible. 
An  accurate  solution  is: 


(7) 


q  |in  l 

2 

where  r=  (q  |ino*)/(e  I).  The  carrier  concentration  (7)  tends  asymptotically  to  n  at  a  rate 
which  depends  on  r  ana,  therefore,  on  the  current  level  I.  According  to  this  analysis  the 
tail  of  the  accumulated  layer  can  extend  inside  the  epitaxy  and  it  could  even  reach 
significant  depths. 

c)  DRIFT  REGION.  Once  the  current  flow  leaves  the  JFET  region,  it  spreads  inside  the  epilayer 
with  a  45s  angle  /2/  forming  a  trapezoidal  zone  followed  by  a  rectangular  zone  if  the  epitaxy 
is  thick  enough.  Solutions  for  this  region  are  obtained  similarly  to  the  former  case  but 
considering  a  cross  section  A ( y )  linearly  depending  on  the  y  coordinate  in  the  trapezoidal 
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zone. 

The  above  formulation  is  valid  for  electric  fields  below  the  saturation  value,  Esat.  For 
higher  fields  we  have  supposed  a  carrier  mobility  y(E)  =  vsat/^  acc0rdi-n6  to  /7/.  The 
solutions  of  the  general  equations  (1)  and  (2)  under  this  condition  in  the  different  regions, 
with  its  respective  approximations,  are  straightforward  calculated. 

Finally,  the  voltage  drop  across  any  region  and  its  resistance  are  analytically  obtained 
integrating  the  electric  field  distributions. 


3  -  RESULTS 

Electric  field  distributions  obtained  from  the  proposed  model  and  from  2D  simulations  are 
plotted  on  fig.  2,  for  V^=5  and  20  V,  the  last  value  corresponding  to  the  q-s  mode.  Note  that 
the  peak  electric  field  moves  inside  the  epitaxy  as  the  drain  voltage  increases,  showing  the 
JFET  lenght  modulation  effect  predicted  by  the  model.  A  good  agreement  between  theory  and  2D 
simulations  is  achieved  not  only  inside  the  epitaxy  but  at  the  accumulated  surface  as  shown 
in  the  insert. 

Normalized  carrier  concentration  is  plotted  on  fig.  3.  Let  us  remark  that  the  tail  of  the 
accumulated  layer  extends  up  to  the  body  depth  even  though  the  device  is  not  in  the  q-s 
region.  Similarly  to  the  field  distribution,  the  formulation  fits  the  2D  simulations  all 
through  the  epilayer. 

The  I-V  characteristics  of  the  fabricated  devices  are  shown  in  fig.  4,  where  the  gate  voltage 
has  been  choosen  high  enough  to  reach  the  q-s  region.  Experimental  as  well  as  2D  simulations 
points  are  in  good  agreement  with  the  model.  On  the  same  figure,  the  theoretical  results 
without  considering  carrier  velocity  saturation  are  plotted.  Note  that  this  effect  is  just 
responsible  for  the  current  limitation  when  the  transistor  is  under  q-s  conditions.  The 
proposed  model  has  been  successfully  checked  as  well  for  the  VDMOS  devices  referred  in  /3,5/. 


4  -  CONCLUSIONS 

An  analytical  model  for  VDMOS  devices  has  been  presented.  It  is  based  on  the  solution  of  the 
general  semiconductor  equations  with  suitable  approximations  for  the  different  regions  into 
which  the  epitaxial  layer  has  been  divided.  This  model  accounts  for  the  electric  field  and 
for  the  majority  carrier  concentration  distributions  which  have  been  checked  using  BAMBI. 
This  formulation  also  explains  the  quasi-saturation  effect  considering  the  carrier  velocity 
saturation  at  high  electric  fields.  Interdigitated  VDMOS  devices  have  been  fabricated  and 
their  output  characteristics  are  in  good  agreement  with  the  proposed  model  as  well  as  with 
the  2D  simulations  performed. 
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ON-RESISTANCE  IN  THE  ALDMOST 
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Abstract  —  Recently  a  new  lateral  power  MOSFET  named  accumulation  lateral  DMOS 
transistor  (ALDMOST)  has  been  proposed.  We  have  investigated  the  dependence  of  the 
ON-resistance  of  this  type  of  device  on  the  oxide  thickness  and  the  additional  semi-insulating 
layer  along  the  surface  of  the  gate  oxide  above  the  drift  region.  This  layer  has  been  introduced 
in  order  to  lower  the  high  ON-resistance  which  is  in  general  a  disadvantage  of  this  type  of 
MOS  transistors. 


Fig.  1  Geometry  and  voltage  distribution  along  semi-insulating  layer 

(a)  Geometry 

(b)  Voltage  distribution  in  OFF-condition 

(c)  Voltage  distribution  in  ON-condition 
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1  -  INTRODUCTION 

In  June  1987  a  new  lateral  power  MOSFET  structure  has  been  presented  /l/.  It  is  a  modified  lateral 
DMOS  device  with  a  semi-insulating  poly-Si  (SIPOS)  layer  along  the  surface  of  the  gate  oxide  above  the 
drift  region.  This  additional  layer  has  been  introduced  to  lower  the  high  ON-resistance  of  this  type  of 
device  which  is  in  general  a  disadvantage  of  high  voltage  power  MOS  transistors. 

We  have  performed  a  comparison  between  a  conventional  LDMOS  structure  which  we  have  investigated 
previously  /2 /  and  the  ALDMOST  /3/.  The  geometry  of  our  device  and  the  voltage  distribution  along 
the  semi-insulating  layer  in  ON-  and  OFF-condition  can  be  seen  in  Fig.  1.  It  is  an  n-channel  device  with 
a  semiconductor  area  of  82pm  •  49pm.  A  significant  decrease  of  the  ON-resistance  could  be  observed  for 
the  ALDMOST. 

We  have  simulated  the  behaviour  of  three  different  devices:  First  we  have  taken  the  geometry  from  Fig.  1 
with  an  variable  oxide  thickness  of  0.4pm  and  0.2pm,  respectively.  Since  in  Jlj  an  oxide  thickness  of 
0.1pm  or  less  is  requested  for  a  significant  gain  in  efficiency  we  have  reduced  the  oxide  thickness  to  0.2pm 
and  O.lp  (constant,  without  step).  The  doping  profile  is  approximated  by  Gaussian  distribution  functions 
(maximum  values:  n+:  2.0  •  1020  cm-3,  p:  5.0  •  1013  cm-3,  n-:  3.0  •  1014  cm-3,  p~:  1.2  •  1014  cm-3). 


Source  Drain 


Fig.  2  Current  density  in  ON-condition  LDMOST 

(V praxn  =  12.0V,  VGatt  =  15.0V,  oxide  thickness  0.2pm) 

Source  Drain 


Fig.  3  Current  density  in  ON-condition  ALDMOST 

(V0rotn  =  12-0 V,  VGaU  =  15.0V,  oxide  thickness  0.2pm) 


C4-631 


2  -  ON-RESISTANCE 

The  conventional  LDMOS  transistor  has  an  oxide  of  variable  thickness  as  it  is  shown  in  Fig.  1.  A  mini¬ 
mum  oxide  thickness  is  requested  to  guarantee  the  voltage  stability  by  limiting  the  electrostatic  field  in 
the  dielectric.  This  thickness  also  strongly  influences  the  threshold  voltage  of  the  device. 

For  an  oxide  thickness  of  0.4pm  the  threshold  voltage  will  be  approximately  6.0V,  for  0.2pm  the  threshold 
voltage  will  only  slightly  change,  for  0.1pm  the  threshold  voltage  will  be  about  2.2V. 

The  ON-resistance  of  the  device  mainly  depends  on  the  doping  and  the  length  of  the  drift  region.  High 
drift  region  doping  lowers  the  ON-resistance  but  it  results  in  punch-through  /2/,  a  short  drift  region  will 
lower  the  breakdown  voltage  /4/. 

By  the  positive  bias  of  the  semi-insulating  layer  a  strong  electron  accumulation  under  the  drift  region 
oxide  will  be  enabled  thus  reducing  the  ON-resistance.  Furthermore  an  additional  path  for  the  current 
flow  close  to  the  interface  of  the  dielectric  and  the  semiconductor  region  will  be  provided. 


Drain 


Fig.  4  Electron  concentration  LDMOST 

(V Drain  =  5.0V,  Vcatc  ~  6.0V,  oxide  thickness  0.1/um) 


Drain 


Fig.  5  Electron  concentration  ALDMOST 

(V Drain  =  5.0V,  V Gate  —  6.0V,  oxide  thickness  0.1pm) 
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3  -  NUMERICAL  RESULTS 

The  mechanism  of  the  SIPOS  layer  has  been  discussed  in  /5/.  We  have  handled  the  SIPOS  layer  as  an 
additional  Ohmic  contact  at  the  surface  of  the  oxide  between  the  gate  and  the  drain  contact  with  a  linear 
variation  of  the  applied  potential  with  respect  to  space.  It  should  be  remarked  that  this  smooth  transition 
of  the  boundary  conditions  furthermore  enhances  the  convergence  speed  of  the  Newton  cycle. 

During  the  simulation  it  has  turned  out  that  even  for  an  oxide  thickness  of  0.4  pm  above  the  drift  re¬ 
gion  the  ON-resistance  is  reduced  by  a  factor  of  1.5.  This  gain  of  efficiency  will  be  increased  for  an  oxide 
thickness  of  0.2/im  and  0.1/rm.  According  to  our  results  the  ON-resistance  will  be  lowered  in  these  devices 
by  a  factor  of  2  and  more. 

In  Fig.  2  and  Fig.  3  the  total  current  densities  of  a  conventional  LDMOST  and  the  ALDMOST,  re¬ 
spectively,  with  an  oxide  thickness  of  0.2  pm  are  shown  C^Gate  =  15V,  V Drain  =  12V).  It  can  clearly  be 
seen  how  the  current  density  leaks  far  into  the  drift  region  because  of  the  additional  bias  provided  by  the 
semi-insulating  layer  above  the  depletion  region. 

In  Fig.  4  and  Fig.  5  the  electron  concentrations  of  the  two  devices  are  shown  (oxide  thickness:  0.1#xm, 
V Gate  =  6V,  V prain  =  5V).  The  new  path  for  the  current  flow  because  of  the  strong  electron  accumulation 
along  the  interface  between  the  dielectric  and  the  semiconductor  can  nicely  be  seen. 

Our  computations  have  been  carried  out  with  our  two-dimensional  device  simulator  BAMBI  which  solves 
the  three  basic  semiconductor  equations  simultaneously  in  a  totally  selfconsistent  way  utilizing  a  ’Finite 
Boxes’  grid  /6/. 


4  -  CONCLUSIONS 


The  additional  SIPOS  layer  provides  a  significant  reduction  of  the  ON-resistance  in  lateral  DMOS  transis¬ 
tors.  Even  for  an  oxide  thickness  greater  than  O.lftm  there  is  a  gain  in  efficiency.  Because  the  avalanche 
breakdown  behaviour  will  almost  not  be  changed  by  the  SIPOS  layer  / 3/  the  lower  ON-resistance  of  the 
ALDMOST  is  a  real  advantage  compared  to  a  conventional  lateral  DMOS  transistor. 
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Resume.  Photodiodes  a  avalanche  specifiquement  projetes  pour  travailler  avec  tension  de 
polarisation  superieure  4  la  tension  de  breakdown  sont  employes  pour  detecter  photons  isoles  et 
mesurer  leur  temps  d’arrivee  avec  resolution  &  picosecondes.  La  fonction  de  resolution 
temporelle  de  ces  dispositifs  (denommes  Single  Photon  Avalanche  Diodes  SPADs)  est  composee  d’un 
pic  etroit  et  d’une  queue  indesirable,  due  &  diffusion  de  porteurs  de  charge.  Nous  avions 
precedemment  projete  et  fabrique  un  dispositif  avec  une  structure  epitaxiale,  qui  avait  reduit 
l'effet  de  diffusion  a  une  breve  queue  de  forme  exponentielle,  avec  constante  de  temps  1.7  ns. 
En  vue  d’obtenir  un  ulterieur  progres,  nous  avons  idee  et  fabrique  une  structure  a  double 
epitaxie.  Les  mesures  effectuees  avec  ces  dispositifs  ont  demontre  une  drastique  reduction  de 
l'effet  de  diffusion.  La  fonction  de  resolution  est  characterise  par  une  largeur  a  mi-hauteur 
du  pic  de  45  ps  et  par  une  tres  breve  queue  exponentielle,  avec  constante  de  temps  270  ps. 

Abstract.  Avalanche  photodiodes  designed  to  work  biased  above  the  breakdown  voltage  are  employed 
for  timing  single  photons  with  picosecond  resolution.  The  time  resolution  curve  of  11:  “se  devices 
(called  Single  Photon  Avalanche  Diodes  SPADs)  shows  a  fast  peak  and  an  undesirable  tail,  due 
to  carrier  diffusion.  We  had,  previously,  designed  an  epitaxial  SPAD  structure  that  succeeded  in 
reducing  the  effect  to  a  short,  exponential-like  tail  with  1.7  ns  lifetime.  In  order  to  achieve 
a  further  improvement,  we  have  devised  and  fabricated  a  double  epitaxial  structure.  The  measure¬ 
ments  performed  on  these  new  devices  show  a  drastic  reduction  of  the  diffusion  effect.  The  time 
resolution  curve  of  the  new  detector  is  characterized  by  a  peak  with  better  than  45  ps  full- 
width  at  half-maximum  (FWHM)  and  a  short,  exponential  tail,  with  270  ps  lifetime. 


1.  INTRODUCTION 

Single  Photon  Avalanche  Diodes  (SPADs)  are  used  as  ultrafast  detectors  in  single  photon  counting 
techniques.  They  are  p-n  junctions  with  uniform  breakdown  voltage  and  low  density  of  traps  and  genera¬ 
tion  centres  in  the  depletion  layer  (1-8).  The  devices  work  biased  above  the  breakdown  voltage  in  the 

triggered  avalanche  mode.  In  this  condition,  the  electric  field  at  the  active  junction  is  high  enough  to 
sustain  the  flowing  of  an  avalanche  current.  However,  the  device  remains  quiescent  and  the  inverse 
current  is  pratically  zero  until  a  carrier  succeedes  in  triggering  the  avalanche.  The  current  then  rises 
to  a  detectable  value;  if  the  carrier  is  photogcnerated,  the  leading  edge  of  the  avalanche  current  is 
synchronous  with  the  arrival  time  of  the  photon.  The  self-sustaining  avalanche  current  continues  to  flow 
until  an  external  circuit  quenches  the  diode  by  lowering  the  bias  voltage  close  to  or  below  the  break¬ 
down  voltage.  After  a  finite  dead  time,  the  working  voltage  of  the  device  is  finally  restored,  in  order 
to  make  possible  the  detection  and  timing  of  another  photon.  The  avalanche  can  also  be  triggered  by 
carriers  thermally  generated  or  emitted  from  deep  levels  in  the  depletion  layer  of  the  active  junction. 
The  corresponding  dark  count  rate  must  be  minimized  for  avoiding  impairment  of  the  device  performance. 
Careful  processes  are  employed  in  the  fabrication  of  the  devices  for  minimizing  the  concentration  of 
generation  centres  and  deep  levels  in  the  depletion  layer.  In  order  to  completely  avoid  the  degradation 
of  the  device  resolution  due  to  the  dark  count  rate,  Cova  and  Longoni  devised  the  active  quenching 
method  (6-8).  By  using  active  quenching  circuits,  SPADs  can  work  in  accurately  controlled  bias  condi¬ 
tions  and  the  dead  time  following  each  pulse  can  be  made  very  short.  Remarkable  performance  is  thus 

achieved  in  various  applications,  such  as  optical  fiber  characterization,  laser  ranging,  fluorescent 

decay  analysis,  etc.  (8).  The  SPADs  are,  therefore,  a  solid  state  alternative  to  photomultiplier  tubes, 
providing  wider  spectral  sensitivity  range,  higher  resolution  in  the  measurement  of  the  photon  arrival 

time,  low  detector  noise. 

The  time  resolution  curve  of  a  single  photon  detector  is  given  by  the  statistical  distribution  of 
the  delay  from  the  true  arrival  time  to  the  actual  detection  time  of  the  photon  (6-10).  It  is  measured 
in  a  time-correlated  single  photon  counting  set-up  (10)  employing  picosecond  optical  pulses. 

We  had  previously  implemented  and  tested  prototype  SPAD  devices,  having  the  geometry  described  by 
Haitz  (2).  The  active  junction  was  formed  by  a  shallow  (0.3  p  m  )  n+  layer  in  a  p  bulk  substrate.  A  deep 
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diffused  n"  guard  ring  surrounded  it,  avoiding  edge  breakdown.  The  resolution  curve  of  the  prototype 
SPAD  devices  is  characterized  by  a  peak  and  a  slow  tail.  The  fast  peak  is  due  to  photons  absorbed  in 
the  depletion  layer  and  its  width  is  mainly  related  to  the  statistical  fluctuations  in  the  avalanche 
build-up  time.  We  observed  and  reported  full-width  at  half-maximum  (FWHM)  values  down  to  60  ps  (6-8). 
The  experiments  also  showed  that  the  time  resolution  improves  by  increasing  the  maximum  electric  field 
at  the  active  junction  (8).  The  tail  is  due  to  the  minority  carriers,  photogenerated  in  the  neutral 
region  beneath  the  junction,  that  succeed  in  reaching  the  depletion  layer  by  diffusion.  Due  to  the 
wavelength  dependence  of  the  optical  absorption  coefficient,  the  intensity  and  the  duration  of  the 
diffusion  tail  change  with  the  wavelength  of  the  detected  photons.  This  effect  represents  a  serious 
drawback  to  high  resolution  measurements  of  fast  optical  signals.  In  fact,  the  true  signal  waveform  is 
obtained  by  a  deconvolution  analysis  of  the  experimental  data,  which  requires  a  very  accurate  knowledge 
of  the  shape  of  the  resolution  curve.  In  all  cases  where  the  optical  signal  is  non-monochromatic,  the 
actual  resolution  shape  depends  on  the  actual  detected  optical  spectrum.  Therefore,  it  may  be  impossible 
or  at  least  unpractical  to  obtain  it  with  sufficient  accuracy. 


II.  THE  PREVIOUS  EPITAXIAL  STRUCTURE 

In  order  to  improve  the  time  response  of  the  detector,  the  diffusion  tail  must  be  reduced.  Our 
approach  was  to  design  epitaxial  device  structures  in  which  the  substrate  acted  as  a  sink  for  photogen¬ 
erated  carriers  and  the  active  junction  was  located  in  a  suitable  epistrate.  A  Monte  Carlo  program, 
previously  developed  in  our  laboratory  (9),  was  used  to  compute  the  time-dependent  diffusion  effect  in 
the  devised  structures  and,  consequently,  to  define  the  actual  device  design. 

In  Fig.  1,  a  schematic  cross  section  of  the  previous  single  epitaxial  structure  is  shown.  The 
device  was  fabricated  in  a  p  epitaxial  layer  over  a  n  substrate  (II).  In  this  geometry  the  electrons 
photogenerated  in  the  substrate  cannot  reach  the  epilayer.  Furthermore,  the  reverse  biased  substrate- 
epistrate  n-p  junction  competes  with  the  active  junction  in  collecting  the  electrons  generated  in  the 
neutral  p  epilayer.  The  device  structure  is  quite  different  from  the  previous  non-epitaxial  design, 
since  the  avalanche  current  flows  now  laterally  to  the  side  ohmic  contact.  The  series  resistance  of  the 
device  depends,  therefore,  on  the  thickness  of  the  neutral  epilayer  beneath  the  guard  ring.  In  order  to 
avoid  impairing  the  output  signal,  a  few  kOhm  value  should  not  be  exceeded.  This  requirement  sets  a 
limit  to  the  reduction  of  the  epilayer  thickness  and,  therefore,  to  the  reduction  of  the  diffusion 
effect.  A  shallow  guard  ring  (2  pm)  was,  therefore,  employed  and  a  12  pm  thick  epistrate  was  adopted. 
In  order  to  achieve  an  improvement  in  the  time  resolution  of  the  devices,  the  breakdown  electric  field 
was  increased.  A  boron  implantation  increased  the  p  doping  in  the  active  area,  lowering  the  breakdown 
voltage  down  to  13  V.  At  the  operative  bias  the  maximum  electric  field  attained  values  higher  than  550 
kVoIt/cm. 


The  experiments  fully  confirmed  the  reduction  of  the  diffusion  tail,  in  excellent  agreement  with 
the  Monte  Carlo  simulation.The  tail  is  exponential-Jike  and  its  lifetime  is  1.7  ns.  A  remarkable 
improvement  was  also  found  in  the  peak  FWHM.  At  6  V  excess  bias,  the  device  resolution  is  better  than  30 
ps  at  room  temperature  and  20  ps  at  -70  C.  To  our  knowledge,  this  is  the  highest  time  resolution  so  far 
reported  in  single-photon-timing  measurements.  It  is  worth  noting,  however,  that  the  very  high  values  of 
the  maximum  electric  field  employed  entail  a  significant'  drawback.  The  dark  count  rate  is  strongly 
enhanced,  due  to  the  Frenkel-Poole  effect  and  to  the  phonon-assisted  tunneling  effect,  that  enhance  the 
carrier  emission  from  generation  centers  and  deep  levels  in  the  depletion  layer  (12).  In  fact,  at  room 
temperature  the  dark  count  rate  of  the  devices  was  remarkably  higher  than  that  of  the  prototype  SPADs, 
attaining  several  kpps  already  at  1  V  excess  bias  and  rapidly  increasing  with  the  bias  voltage.  There¬ 
fore,  the  high  resolution  of  these  SPADs  can  be  fully  exploited  only  by  using  active  quenching 
arrangements. 
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Fig.2  -  Schematic  cross  section  of  the  new,  double  epitaxial  SPAD  device. 


III.  THE  DOUBLE  EPITAXIAL  STRUCTURE. 

A  further  strong  reduction  of  the  diffusion  tail  requires  to  achieve  a  further  reduction  of  the 
neutral  epilayer  thickness,  but  without  increasing  the  series  resistance  beyond  a  few  kOhms.  The  simple 
adoption  of  a  thinner,  higher-doped  p  epilayer  would  imply  a  marked  reduction  of  the  guard-ring  break¬ 
down  voltage.  The  excess  bias  that  could  be  applied  to  the  active  area  would  thus  be  reduced,  and  the 
output  signal  and  the  performance  of  the  detector  would  correspondingly  be  impaired.  We  have,  therefore, 
devised  a  new  SPAD  structure  with  two  different  p  epilayers  grown  over  the  n  substrate  (Fig.  2).  The 
buried  epilayer,  which  is  only  2  pm  thick,  provides  a  low  resistivity  path  (0.3  Ohmcm)  to  the  side 
contact.  The  active  n+p  junction  is  built  in  the  upper,  low -doped  p  epistrate  (10  Ohmcm),  which  is  only 
2.5  pm  thick.  In  order  to  reduce  as  far  as  possible  the  epilayer  thickness,  a  different  type  of  guard 
ring  is  used  to  dilute  the  electric  field  at  the  device  periphery.  Instead  of  using  a  deep  n  diffusion, 
a  "virtual”  guard  ring  structure  is  implemented:  a  boron  implantation  in  the  central  part  of  the  active 
junction  defines  the  sensitive  area  of  the  detector.  The  low  p  doping  in  the  outer  part  of  the  n+p 
junction  and  a  field  plate  raise  the  edge  breakdown  voltage  up  to  50  V.  Devices  with  this  geometry  have 
been  fabricated  with  different  diameters  of  the  sensitive  area,  in  the  range  from  8  to  20  pm.  The  boron 
implantation  was  deliberately  made  lighter  than  that  used  in  the  previous  epitaxial  devices,  so  that  a 
slightly  higher  breakdown  voltage  was  obtained,  about  16  V.  This  limited  the  maximum  electric  field, 
thus  avoiding  the  enhancement  of  the  dark  count  rate  at  the  cost  of  a  slightly  lower  time  resolution. 
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Fig.3  -  Optical  pulse  of  a  gain-switched  laser  diode  (13)  as  measured  in  a  time-correlated  single-photon 
counting  set-up  with:  a)  the  previous  epitaxial  SPAD;  b)  the  new  double  epitaxial  SPAD. 
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The  experimental  tests  confirm  the  expected  behaviour  of  the  double  epitaxial  devices.  Fig.  3a 
shows,  in  logarithmic  scale,  the  pulse  of  a  gain-switched  laser-diode  (13)  measured  using  the  previous 
epitaxial  SPAD.  As  above  mentioned,  the  diffusion  tail  has  1.7  ns  lifetime.  The  peak  width  of  43  ps  FWHM 
is  due  to  the  laser  peak  width  (28  ps  FWHM),  to  the  detector  time  resolution  (28  ps  FWHM)  and  to  the 
electronic  noise  and  jiner  (15  ps  FWHM).  The  same  measure  performed  with  the  double  epitaxial  SPAD  is 
reported  in  Fig.  3b.  It  is  characterized  by  a  slightly  larger  peak  width  (55  ps  FWHM)  and  by  a  much 

shorter  diffusion  tail.  The  actual  value  of  the  detector  time  resolution  is  45  ps  FWHM.  It  is  evaluated 

by  quadratically  subtracting  the  28  ps  laser  FWHM  and  the  15  ps  electronic  time  jitter  FWHM  from  the  55 
ps  FWHM  of  the  experimental  curve.  The  diffusion  tail  is  exponential,  with  only  270  ps  lifetime.  In 
comparison  to  the  previous  epitaxial  device,  however,  the  initial  tail  intensity  is  higher.  This 
behaviour  is  in  agreement  with  the  results  of  the  Monte  Carlo  simulation.  It  can  be  intuitively 
explained,  by  taking  into  account  the  different  geometry  of  the  two  devices,  in  the  epitaxial  device, 
the  neutral  region  adjacent  to  the  active  junction  had  a  longer,  narrow  tubular  shape,  with  side  walls 
acting  as  sinks  for  the  diffusing  carriers.  In  the  new,  double  epitaxial  device,  the  corresponding 

neutral  region  is  thinner,  but  has  a  more  open,  almost  planar  shape.  The  carriers  generated  in  close 

proximity  to  the  active  junction  have,  therefore,  a  higher  probability  of  reaching  it.  These  carriers 
contribute  to  the  first  part  of  the  tail. 


IV.  CONCLUSIONS. 

It  can  be  concluded  that  the  double  epitaxial  SPAD  structure  succeedes  in  producing  a  marked  short¬ 
ening  of  the  diffusion  tail.  The  physics  of  the  phenomenon  is  well  understood.  The  question  naturally 
arises  whether  the  tail  can  be  further  reduced  or,  better,  completely  eliminated.  Work  aiming  to  this 
goal  is  in  progress  in  our  laboratory.  Anyhow,  the  high  time  resolution  and  the  well-behaved,  short 
diffusion  tail  of  the  device  structures  so  far  fabricated  and  reported  make  the  Single  Photon  Avalanche 
Diodes  an  attractive  solid-state  alternative  to  photomultiplier  tubes  in  all  applications  of  the  single¬ 
photon  counting  techniques  that  do  not  require  large  sensitive  area  detectors. 
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Resume  -  Le  contrflle  magnetique  du  courant  filamentaire  pendant  le  percement  avaianchal 
dans  semiconducteurs  &  basses  temperatures  represente  un  principe  d'operation  interes- 
sant  pour  le  dessin  d'un  transisteur  base  sur  l'effet  d'un  champ  magnetique.  Nous  avons 
verifie  experimentalement  des  configurations  rdduites  en  utilisant  des  lines  supercor. - 
ductives  pour  la  production  d'un  champ  magnetique  et  de  tous  les  intermediaires .  L'eva- 
luation  des  performances  caractdristiques  imporcantes  de  notre  conception  du  transisteur 
parait  dtre  trds  prometteuse. 


Abstract  -  Magnetic  control  of  the  filamentary  current  flow  during  avalanche  breakdown 
in  bulk  semiconductors  at  low  temperatures  represents  an  interesting  operation  principle 
for  the  design  of  a  magnetic  field  effect  transistor.  We  have  experimentally  verified 
miniaturized  device  configurations  using  superconducting  lines  for  the  generation  of  the 
magnetic  control  field  and  all  interconnections.  The  evaluation  of  the  important  perfor¬ 
mance  characteristics  of  our  transistor  concept  looks  highly  promising. 


1  -  INTRODUCTION 

Electrically  driven  into  the  regime  of  low-temperature  avalanche  breakdown,  homogeneously  doped 
semiconductors  have  been  demonstrated  to  display  spatially  inhomogeneous  current  flow  via  high- 
conductivity  filament  channels  generated  by  impurity  impact  ionization  / 1  —  3/ .  If  an  external 
magnetic  field  is  applied  perpendicular  to  the  current  direction,  the  current  filaments  are 
structurally  changed  due  to  the  Lorentz  force  acting  upon  the  moving  charge  carriers.  The  cor¬ 
responding  shift  of  the  current-voltage  characteristic  (magnetoresistance)  results  from  the 
"cooling  effect"  of  the  magnetic  field  on  the  hot  charge  carriers.  At  low  temperatures  where 
the  carrier  mobility  and,  hence,  the  Lorentz  force  is  high,  a  relatively  large  magnetoresist¬ 
ance  is  obtained  with  applied  magnetic  fields  as  small  as  only  a  few  Gauss.  The  sensitive  re¬ 
sponse  to  the  magnetic  control  field  offers  an  interesting  principle  for  the  design  of  a  cryo- 
electronic  device  family. 

As  a  first  experimental  approach,  we  have  recently  demonstrated  the  basic  concept  of  a  magnetic 
field  effect  transistor  at  liquid-helium  temperatures,  using  single-crystalline  p-doped  germa¬ 
nium  with  an  acceptor  concentration  of  about  cm~3  and  the  typical  dimensions  of  0.  1  x  5  x 

6  mm-*  /4,5/.  The  magnetic  control  of  the  filamentary  current  flow  was  achieved  by  a  small  mag¬ 
netic  field  (10  -  lOO  G) ,  generated  by  superconducting  lines  attached  to  the  surface  of  the 
semiconductor  crystal.  In  this  way,  a  three-terminal  device  is  obtained,  based  on  a  hybrid  con¬ 
cept  implementing  semiconducting  and  superconducting  components.  Particularly  attractive  feat¬ 
ures  of  this  configuration  are  its  simplicity,  the  utilization  of  well-established  semiconduc¬ 
tor  and  superconductor  technology,  and  its  robust  nature,  promising  a  high  production  yield. 
Moreover,  our  device  concept  may  become  essential  in  the  development  of  ultrafast  electronic 
circuits,  requiring  high  packing  density  and  correspondingly  lower  power  dissipation. 

In  order  to  evaluate  the  limitations  of  the  important  performance  characteristics,  we  have  ex¬ 
perimentally  performed  a  miniaturized  approach  to  the  cryoelectronic  magnetic  field  effect 
transistor.  Using  different  sample  oeometries,  the  distance  between  the  ohmic  contacts  was  re¬ 
duced  systematically,  ending  up  with  a  minimum  value  of  10  Um.  As  expected  from  a  preliminary 
estimate  /6/ ,  the  limitations  due  to  the  time  of  flight  per  length  of  the  carriers  and  due  to 
the  power  losses  per  distance  between  the  ohmic  contacts  were  found  to  be  about  50  ps/pm  and 
0.5  pW/lim,  respectively.  Thus,  the  miniaturized  sample  geometry  enables  operation  up  to  fre¬ 
quencies  in  the  GHz  regime. 
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2  -  EXPERIMENTAL  METHODS 

The  samples  investigated  were  prepared  from  homogeneously  p-doped  germanium  single-crystal  sli¬ 
ces.  (1)  The  specific  resistivity  at  room  temperature  ranged  from  10  to  20  flcm,  corresponding  to 
an  impurity  concentration  of  (2  -  3)  x  10^  cm-3.  The  compensation  ratios  were  definitely  smal¬ 
ler  than  5  x  10-^.  The  semiconductor  samples  (of  about  0. 1  mm  thickness)  carried  properly  ar¬ 
ranged  ohmic  contacts  placed  on  one  of  the  two  broad  surfaces.  The  distance  between  the  contacts 
varied  from  0.5  mm  to  10  urn.  The  ohmic  contacts  were  fabricated  either  by  alloying  (aluminum) 
or  by  ion  implantation  (boron)  /7/.  To  provide  these  contacts  with  an  electric  field,  a  voltage 
bias  was  applied  to  a  series  combination  of  the  sample  and  an  1  ft  load  resistor.  The  sample  cur¬ 
rent  was  obtained  from  the  voltage  drop  at  the  load  resistor.  An  external  magnetic  field  per¬ 
pendicular  to  the  broad  sample  surfaces  could  be  generated  either  by  a  superconducting  coil  sur¬ 
rounding  the  semiconductor  sample  or  by  a  superconducting  loop  attached  directly  to  the  surface 
of  the  sample.  Shaped  in  the  form  of  a  long  hairpin,  the  superconducting  niobium  lines  were  fab¬ 
ricated  by  standard  thin-film  technology,  and  electric  separation  from  the  underlying  semicon¬ 
ductor  was  achieved  by  a  thin-film  insulator.  During  the  experiments,  the  samples  investigated 
were  kept  in  direct  contact  with  the  liquid-helium  bath  at  4.2  K  and  were  protected  against  ex¬ 
ternal  visible  and  far-infrared  irradiation  by  an  appropriate  copper  shield. 

3  -  EXPERIMENTAL  FINDINGS  AND  DISCUSSION 

As  already  mentioned  above,  the  operating  principle  of  the  present  transistor  device  is  based 
on  the  magnetic  control  of  the  filamentary  current  flow  during  low-temperature  avalanche  break¬ 
down  via  the  magnetoresistive  effect.  Since  the  magnetic  field  needed  for  magnetic  control  is 
found  to  be  inversely  proportional  to  the  mobility  of  tha  charge  carriers,  the  required  high 
magnetic  field  sensitivity  of  the  current  flow  can  only  be  attained  at  high  carrier  mobility. 
With  reference  to  the  experimental  verification  of  extremely  high  carrier  mobilities  and  drift 
velocities  (of  some  10^  cm^/Vs  and  some  10^  cm/s,  respectively)/8/ ,  adequate  magnetic  control 
can  be  achieved  already  with  small  magnetic  fields  in  the  range  of  100  G.  In  the  following,  we 
briefly  outline  a  quantitative  evaluation  of  the  most  important  performance  characteristics 
based  on  an  experimental  realization  of  distinct  miniaturized  device  geometries. 

We  emphasize  that  the  two  essential  preconditions  of  our  transistor  scheme,  namely,  first,  the 
appearance  of  the  avalanche  breakdown  effect  and,  second,  the  magnetic  control  of  the  current 
flow  in  the  breakdown  regime,  have  been  verified  for  all  samples  investigated.  For  relatively 
large  distances  between  the  ohmic  contacts  in  the  range  of  some  100  pm,  differently  prepared 
contacts  always  led  to  more  or  less  the  same  results.  But  for  distances  smaller  than  100  pm, 
only  samples  with  ion-implanted  contacts  showed  the  expected  linear  dependence  of  the  breakdown 
voltage  on  the  contact  distance.  (Note  that  such  miniaturized  geometries  are  already  influenced 
by  the  less  sharp-edged  structure  of  the  heat-treated  alloy  contacts).  By  extrapolating  the  li¬ 
near  voltage  versus  distance  characteristic  to  zero  contact  distance,  we  always  found  an  excess 
breakdown  voltage  of  about  30  mV.  Accordingly,  the  breakdown  electric  field  strength  at  small 
contact  distances  increases  with  decreasing  distance,  ending  up  with  an  extrapolated  divergence 
at  zero  distance.  We  feel  that  the  existence  of  an  excess  breakdown  voltage  can  be  directly  at¬ 
tributed  to  the  finite  ionization  energy  of  the  shallow  impurities  (in  the  range  of  10  meV) . 

Note  that  avalanche  breakdown  only  occurs  if  the  conduction  carriers  have  gained  sufficient 
kinetic  energy  from  the  applied  electric  field,  which  at  least  must  be  of  the  order  of  the  im¬ 
purity  ionization  energy. 

Now  we  turn  to  the  performance  limitations  of  our  transistor  scheme  due  to  the  time  of  flight 
per  length  of  the  carriers  and  due  to  the  power  losses  per  distance  between  the  ohmic  contacts. 
From  measured  drift  velocities  of  a  few  10°  cm/s  in  the  post-breakdown  region  /8/  we  derive 
values  of  about  50  ps/pm  for  the  time  of  flight  per  unit  length.  This  estimate  agrees  reason¬ 
ably  well  with  the  experimentally  observed  frequency  limits  of  about  10  MHz  up  to  a  few  Oiz 
for  samples  with  lengths  ranging  from  0.5  mm  to  10  pm,  respectively.  We  have  checked  that  the 
above  high-frequency  limits  are  definitely  not  influenced  by  the  capacities  and  inductivities 
of  the  electronic  circuit  configuration,  as  expected  /6/ .  With  the  typical  electric  field  of 
about  5  V/ cm  for  establishing  avalanche  breakdown  and  typical  current  values  of  about  1  mA  in 
the  immediate  post-breakdown  region,  we  obtain  for  the  power  losses  per  sample  length  values 
of  about  0.5  pW/pm,  independent  of  frequency.  Taking  further  into  account  the  increased  elec¬ 
tric  breakdown  field  at  contact  distances  smaller  than  50  pm,  the  power  losses  accordingly  in¬ 
crease  by  a  factor  of  five  at  most.  From  this  we  conclude  that  miniaturization  of  the  transis¬ 
tor  device  appears  to  be  limited  reasonably  at  the  smallest  distance  of  the  ohmic  contacts 
chosen  ( 10  pm) . 


U) 


Device  applications  based  on  extrinsic  silicon  and  gallium  arsenide  semiconductors  are 
presently  also  investigated,  but  not  reported  here. 
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Finally,  we  point  out  that  the  functioning  of  the  present  transistor  scheme  can  also  be  con¬ 
fined  by  noise  problems.  On  one  hand,  thermal  noise  is  expected  to  be  small  due  to  the  opera¬ 
tion  at  liquid-helium  tenperatures .  But,  on  the  other  hand,  the  possible  contribution  of  addi¬ 
tional  noise  generated  by  the  avalanche  process  /9/  requires  further  experimental  studies  and 
perhaps  additional  optimization  procedures.  Crosstalk  between  the  elements  of  large  integrated 
systems  can  be  minimized  by  properly  arranged  superconducting  screening  lines.  Here  important 
concepts  can  be  taken  from  the  well-established  Josephson  technology.  Nevertheless,  unwanted 
stray  magnetic  und  electric  coupling  sets  a  fundamental  limit  to  further  miniaturization  of  all 
presently  used  circuitry,  that  is  likely  to  be  reached  before  the  limits  imposed  in  the  future 
by  modem  microfabrication  techniques. 


4  -  CONCLUSIONS 

The  present  work  deals  with  the  first  experimental  realization  of  a  cryoelectronic  magnetic 
field  effect  transistor  based  on  a  novel  hybrid  configuration  of  both  semiconducting  and  super¬ 
conducting  components.  We  have  modeled  and  characterized  miniaturized  solid  state  devices  using 
extrinsic  germanium  semiconductors  together  with  superconducting  niobium  lines  for  generating 
the  magnetic  control  field  and  for  all  interconnections.  The  evaluation  of  the  inportant  per¬ 
formance  characteristics  of  our  transistor  concept  looks  very  promising.  The  power  losses  of 
such  a  device  are  similar  to  those  in  a  superconducting  Josephson  junction,  representing  the 
high-speed  device  with  the  lowest  power  consumption  up  to  now.  We  take  note  of  the  fact  that 
superconducting  wiring  can  preserve  extremely  fast  pulse  rise  times  required  in  ultrafast  elec¬ 
tronic  systems.  In  this  way,  combining  semiconducting  device  components  operating  at  low  tem¬ 
perature  with  superconducting  lines  for  magnetic  control  and  for  all  interconnections  represents 
a  highly  promising  new  direction  which  has  been  neglected  so  far  and  which  definitely  deserves 
much  more  consideration. 
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Resume  -  Design  och  tillverkningen  av  ett  nytt  partikelfilter  for  filtering  i  det  sub- 
mikrona  omrSdet  beskrivs.  Filtreringsprindpen  ar  baserad  pi  tvi,  i  forhillande  fill 
varandra,  lateralt  fdrskjutna  hilmembran  genom  vilka  fluiden  miste  passera.  Tjockleken 
hos  de  stod  av  kiseldioxid  som  separerar  hilmembranen  definerar  storleken  pi  de  storsta 
partiklar  som  kan  passera  genom  strukturen.  Filterstrukturen  tillverkades  i  en  sarskild 
tvistegs  sjalvlinjerande  process  dar  ett  hilmonster,  hird  bordopning,  anisotrop 
kiseletsning  och  kiseldioxidunderetsning  utgjorde  de  viktigaste  processtegen.  Det  faktum 
att  filterstrukturen  elektriskt  ugor  en  kondensator  mojliggor  andra  applikationer. 
Strukturer  med  membranavstind  pi  50  och  200  nm  har  fillverkats. 


Abstract  -  The  design  and  fabrication  of  a  new  particle  filter  in  the  sub-micron  range  are 
described.  The  filtration  principle  is  based  on  two  laterally  displaced  silicon  hole 
membranes,  through  and  between  which  the  fluid  has  to  pass.  The  thickness  of  the 
silicondioxide  spacers  separating  the  hole  membranes  defines  the  size  of  the  largest 
particles  which  can  pass  through  the  structure.  The  filter  structure  was  fabricated  using  a 
special  two-step  self-aligning  technique  where  one  single  hole  pattern,  heavy  boron 
diffusion,  anisotropic  silicon  etching  and  silicondioxide  undercut-etching  constituted  the 
most  important  process  steps.  The  fact  that  electrically  the  filter  structure  is  a  capacitor 
makes  other  applications  possible.  Structures  with  membrane  separation  distances  of  50 
and  200  nm  have  been  made. 

INTRODUCTION 

There  is  a  great  demand  for  filters  and  separation  techniques  in  the  sub-micron  range.  One 
example  is  the  microelectronic  industry  where  ultra-pure  gases  and  liquids  are  neccesary  in 
order  to  achieve  a  high  production  yield.  Other  examples  are  in  the  field  of  medicine  and 
biotechnology. 

Here  a  new  type  of  particle  filter  structure  in  silicon  for  sub-micron  filtration  is  presented  [1], 
Below  some  of  the  most  important  features  are  listed.  Silicon  provides  a  structure  which  is 
mechanically  very  strong  and  chemically  and  thermally  inert  and  stable.  The  filter  structure 
withstands  aggressive  environments  such  as  acids  and  solvents  and  temperatures  of  more  than 
1000  °C.  These  characteristics  are  important  for  both  use  and  regeneration  of  the  filter.  The 
special  two-step  self-aligning  technique  simplifies  the  fabrication  of  the  filter  structure. 
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Electrically  the  stucture  constitutes  a  plate  capacitor  through  which  the  fluid  has  to  pass.  This 
enables  the  filter  structure  to  be  used  in  other  applications  such  as  in  different  kinds  of  fluid 
detection. 


Polysilicon 
bonding 
pad 


'Silicon  frame 

Fig.  1.  The  filter  structure  design  and  its  principal  of  operation. 
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FILTER  DESIGN 

The  basic  structure  design,  shown  in  Fig.  1,  consists  of  a  membrane  area  supported  by  a  frame  of 
silicon.  The  membrane  area  is  made  of  two  silicon  hole  membranes  displaced  laterally  relative 
to  each  other  and  separated  by  silicondioxide  spacers.  These  maintain  an  accurately  controlled 
distance  between  the  two  hole  membranes  as  illustrated  in  Fig.  2.  The  hole  diameters  are 
approximately  10  tun  and  the  center  to  center  distance  is  20  pm.  The  distance  between  the  two 
hole  membranes,  set  by  the  thickness  of  the  silicondioxide  spacers,  determines  the  size  of  the 
largest  particles  which  can  pass  through  the  filter.  The  filtration  determining  spacer  thickness 
separation  can  be  controlled  very  accurately  in  the  range  of  0.01  to  1  pm  by  the  use  of  thermal 
oxidation  of  silicon.  This  layer  thickness  technique  for  filtration  is  much  more  accurate  than 
what  is  possible  to  achieve  with  photolithographically  defined  pore  sizes. 
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single-crystal 
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Fig.  2.  A  detailed  study  of  the  membrane  area  showing  the  relative  lateral  displacement  of  the 
two  silicon  membranes,  a)  a  top  view  and  b)  two  different  cross-sectional  views. 
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FABRICATION 

Fabrication  of  the  structure  is  based  on  micromachining  of  silicon  and  a  special  two-step  self¬ 
aligning  technique  which  makes  it  possible  to  define  the  two  membranes  and  the  membrane 
spacers  from  a  single  hole  pattern. 

A  sandwich-structure  of  50  to  200  nm  silicondioxide,  1  (im  polysilicon  and  1  pm  silicondioxide 
was  created  on  (lOO)-silicon  wafers  using  thermal  oxidation  and  LPCVD,  as  shown  in  Fig.  3a.  A 
photolithography  and  a  plasma  etch  step  defined  a  hole  pattern  in  the  three  layers,  as  shown  in 
Fig.  3b. 

Boron  was  then  diffused  into  the  wafer  through  the  hole  pattern  at  1200  °C  for  4  hours,  creating 
vertical  as  well  as  lateral  diffusion  of  boron  from  each  hole,  as  illustrated  in  Fig.  3c.  After  a 
protective  thermal  oxidation  and  a  filter  frame  defining  back  side  lithography  the  membranes 
were  formed  using  the  anisotropic  silicon  etch  EDP  [2],  as  shown  in  Fig  3d.  Since  the  EDP  silicon 
etch  rate  is  reduced  practically  to  zero  for  very  high  boron  doping  concentrations  ("boron  etch- 
stop")  [3],  the  resulting  single-crystal  silicon  membrane  consists  of  partially  overlapping  boron 
doped  half-spheres  with  holes  between  the  silicon  half-spheres,  as  shown  in  Fig.  2.  The  hole 
size  and  membrane  thickness  were  5-10  pm. 

The  procedure  where  a  photolithographically  defined  polysilicon  hole  membrane  defined  the 
single-crystal  hole  membrane  using  boron  diffusion  constituted  the  first  self-alignment.  In  the 
second  self-alignment  the  two  silicon  hole  membranes  are  used  to  form  the  silicondioxide 
spacers  by  letting  a  buffered  HF-solution  etch  away  the  silicondioxide  accessible  through  the  two 
silicon  hole  membranes. 

The  silicondioxide  etching  was  interrupted  when  the  front  side  and  back  side  under-cut  regions 
of  the  polysilicon  membrane  holes  met  each  other,  thus  creating  a  free  flow  path  through  the 
structure.  The  resulting  spacer  shape  is  shown  in  Fig.  2. 


silicon  wafer 


,  boron  diffusion 


polysilicon  membrane 


back  side  silicon 
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Fig.  3.  A  cross-sectional  view  of  the  fabrication  sequence  of  the  structure,  not  to  scale. 

a)  Layers  of  polysilicon  and  silicondioxide  on  a  (lOO)-silicon  wafer. 

b)  Photolithography  produces  a  hole  pattern  in  the  polysilicon  and  silicondioxide  layers. 

c)  Boron  is  diffused  into  the  wafer  through  the  hole  pattern  and  a  back  side  lithography 
defines  the  silicon  etch  area. 

d)  The  single-crystal  boron  doped  silicon  membrane  is  formed  in  the  silicon  etch,  EDP, 
using  the  boron  etch-stop  technique.  Finally  the  silicondioxide  between  the  two 
membranes  is  undercut-etched  until  free  flow  paths  through  the  hole  membranes  are 
obtained. 
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RESULTS 

Filter  structures  with  silicondioxide  distances  of  50  and  200  nm  have  successfully  been  made. 
The  membrane  area  size  is  6.0  x  6.0  mm  and  the  total  filter  structure  size  including  the 
supporting  frame  is  14  x  14  mm. 

Preliminary  gas  flow-pressure  measurements  have  been  made.  A  differential  nitrogen  gas 
pressure  of  5  psi  (35  kPa)  across  the  filters  gave  flow  rates  of  48  ml/min  and  10  ml/min  through 
the  structures  with  respective  membrane  separation  distances  of  200  nm  and  50  nm.  In  both 
cases  the  active  membrane  area  was  30  mm2.  A  gas  pressure  of  approximately  1  atm  could  be 
applied  over  the  filter  without  membrane  breakage. 

The  two  silicon  membranes  are  heavily  doped  with  boron  and  thus  electrically  conducting. 

This  means  that  electrically  the  filter  structure  is  a  plate  capacitor  where  the  two  silicon 
membranes  constitute  the  electrodes.  They  are  separated  and  isolated  by  the  thickness  of  the 
silicondioxide  spacers.  These  electrical  characteristics  can  be  used  in  different  sensor 
applications  for  fluid  identification  and  concentration  measurement. 
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ABSTRACT 

A  new  approach  to  calculate  gate  currents  in  MOS-transistors  is  presented.  We  use  a  nonlocal  ex¬ 
pression  for  carrier  injection  and  a  modified  drift  diffusion  approximation  to  describe  the  flow  of 
charge  inside  the  oxide.  Gate  currents  of  n-  and  p-channel  devices  are  consistently  calculated  with 
one  set  of  parameters.  The  build  up  of  oxide  charge  is  monitored  and  the  shift  in  device  character¬ 
istics  is  described  by  solving  simultaneously  trapping  rate  equations  in  the  2-D  oxide  region. 

INTRODUCTION 

Shrinking  device  dimensions  in  modern  VLSI  circuits  leads  to  increasing  electric  fields.  This  causes  carrier 
injection  into  the  oxide  of  MOS-transistors  with  subsequent  filling  of  oxide  traps  and  the  build  up  of  inter¬ 
face  states.  In  this  context  gate  currents  are  of  some  relevancy.  They  contain  information  about  carrier  in¬ 
jection.  However,  only  a  fraction  of  the  injected  carriers,  dependent  on  the  transversal  field  in  the  oxide, 
will  reach  the  gate  electrode  to  contribute  to  the  gate  current.  Previous  analysis  of  gate  currents  was  unable 
to  investigate  the  flow  of  charge  in  the  oxide.  For  the  proper  description  of  the  degradation  process,  how¬ 
ever,  the  knowledge  of  carrier  currents  in  the  oxide  is  needed.  The  location  of  the  highest  injection  of  car¬ 
riers  does  not  necessarily  coincide  with  the  location  of  the  damage  they  cause.  A  prominent  example,  for 
instance,  is  the  LDD-MOSFET  with  a  low  n*-dose.  There  carriers,  which  are  injected  by  a  strong  field  near 
the  gate  edge,  move  into  the  spacer  oxide  where  they  may  get  trapped  more  easily  than  in  the  gate  oxide. 

MODEL  FOR  THE  GATE  CURRENT  CALCULATION 

The  injection  rate  of  the  carriers,  that  originate  from  the  Si  is  calculated  with  a  nonlocal  expression  for  the 
high  energetic  carriers,  that  move  perpendicular  toward  the  interface  and  can  surmount  the  Si/Si02 
barrier.  The  injected  carriers  are  assumed  to  be  in  nonequilibrium  with  the  oxide  field.  They  relax  toward  a 
stationary  state  with  the  field  over  a  distance  of  several  nanometers  away  from  the  Si/Si02  interface  [1]  (cf. 
Fig.  1).  The  flow  of  the  stationary  state  carriers  is  described  by  solving  a  modified  drift  diffusion  ap¬ 
proximation.  A  detailed  description  will  be  given  elsewhere  [2], 

Our  model  was  implemented  in  the  device  simulator  MIN1MOS  4  that  allows  the  calculation  of  the  carrier 
and  field  distributions  in  a  realistic  MOSFET  with  doping  profiles  fed  in  from  2-D  process  simulation. 
MINIMOS  4  provides  a  solution  scheme  for  the  modified  drift  diffusion  approximation  that  takes  hot  car¬ 
rier  transport  into  account  [3].  To  solve  the  continuity  equation  of  both  carrier  types,  electrons  and  holes, 
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we  used  this  numeric  model  and  applied  it  to  the  oxide  configuration  of  the  MOSFET-structure.  The  mo¬ 
bilities  of  electrons  and  holes  in  the  oxide  were  taken  from  the  literature  {4]. 


Figure  1:  Stationary  carrier  density  versus  non¬ 
equilibrium  current  of  injected  carriers.  Note  that 
the  stationary  carrier  density  is,  symbolically,  in¬ 
cluded  in  the  energy  diagram  to  show  its  spatial 
distribution  throughout  the  oxide.  This  dis¬ 
tribution  is  obtained  by  solving  the  generalized 
drift-diffusion  equations  in  the  oxide  region.  Left 
side:  After  pinch  off  the  oxide  field  opposes  elec¬ 
tron  transport.  High  energetic  electrons  penetrate 
the  oxide  and  relax  toward  the  stationary  distribu¬ 
tion.  Their  maximal  penetration  depth  depends  on 
their  energy.  Right  siHe-  The  electric  field  favors 
electron  injection  into  the  oxide.  Injected  carriers 
do  not  have  a  maximal  penetration  depth  but  they 
will  relax  toward  the  stationary  density  distribu¬ 
tion. 


RESULTS 

(1)  Figure  2  shows  concentrations  of  holes  and  electrons  inside  the  oxide  of  an  n-MOSFET  for  two 
different  voltage  conditions  (Fig.  2a:  Vq  =  Vp/3,  2b:  Vq  =  Vp). 


Figure  2:  Carrier  concentrations  in¬ 
side  the  oxide:  electrons  and  holes 
for  two  different  voltage  conditions. 
The  levels  are  equidistant  on  a  loga¬ 
rithmic  scale.  The  maximum  IctcI  is 
Wrcm"3  for  the  holes  and  lO'cm'3 
for  the  electrons. 
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(2)  The  nonlocal  character  of  our  injection  expression  ,  takes  heed  of  the  following  fact:  To  surmount  the 
barrier  carriers  take  up  energy  from  the  electric  field  with  a  high  momentum  component  transversal  to  the 
interface.  Minority  carriers  are  accelerated  by  the  lateral  field,  while  majority  carriers  generated  by  impact 
ionization  are  accelerated  by  the  transversal  field  in  the  case  of  low  gate  voltages.  This  results  in  a  more 
effective  injection  of  majority  carriers  for  this  voltage  condition.  Thus,  for  n-MOS  devices  the  number  of 
holes,  that  can  surmount  the  barrier  of  4.7eV  to  the  oxide  is  sufficient  to  give  a  substantial  positive  gate 
current  for  low  gate  voltages.  For  p-channel  transistors  there  is  no  essential  gate  current  of  holes.  Figure  3 
shows  calculated  gate  currents  for  an  n-MOSFET  (3a)  and  for  a  p-MOS  device  (3b).  The  same  injection 
parameters  were  used  for  both  channel  typs.  The  well  known  experimental  fact,  that  hole  gate  currents  are 
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found  in  n-MOS  but  not  in  p-MOS  devices  is  found  as  a  result  of  our  calculations  without  additional 
assumptions.  This  is  an  excellent  consistency  check  for  the  validity  of  our  model. 


a  n -charnel 


b  p- channel 


Figure  3:  Simulated  gate  currents: 

a)  n-MOSFET  with  t  =  lOnm  Lp  =0.9um  W«6um,  for 
Vd  =  6V; 

b)  p-MOSFET  with  t  =17nm  L...  -  0.93um  W  =  10um, 
for  VD  =  -7V 


(3)  We  used  our  modified  MINIMOS  4  version  to  monitor  the  time  evolution  of  the  static  stress 
experiment.  To  this  end  we  solve  trapping  rate  equations  simultaneously  with  Poisson’s  equation  and  the 
continuity  equation  in  the  oxide.  The  trapped  charge  enters  the  right  hand  side  of  Poisson’s  equation.  Thus 
we  take  into  account  the  feedback  of  the  charge,  trapped  in  the  oxide,  onto  the  electric  field  in  the 
semiconductor,  which  in  turn  will  modify  the  number  of  injected  carriers. 

We  show  the  results  of  a  model  calculation  for  a  p-channel  transistor.  A  p-MOSFET  was  chosen  because  it 
is  generally  accepted,  that  the  main  degradation  mechanism  there  is  the  filling  of  oxide  traps  by  injected 
electrons  [5,  6],  while  the  n-channel  mechanism  is  a  point  of  discussion  up  to  now.  For  each  point  in  the 
oxide  the  following  trapping  rate  equation  is  solved; 

dN7dt  =  jox(N>6-(N0-N-)  (1) 

Where  N'  is  the  concentration  of  filled  traps,  Nq  the  total  trap  density,  <S  the  trapping  cross  section  and  jox 
is  the  carrier  current  in  the  oxide,  which  is  calculated  as  described  above.  It  is  very  important  to  take  into 
consideration  the  effect  of  the  growing  negative  oxide  charge  on  the  elctric  field  conditions  during  stress.  In 
a  p-channel  transistor  the  build  up  of  negative  charge  in  oxide  traps  near  the  drain  reduces  the  electric  field 
peak.  Thus  the  injected  current  and  with  it  jQX  is  a  function  of  N~  itself. 


Figure  4:  Simulation  results  of  p-channel 
static  stress  at  Vp  -  -7V,  Vq--3V.  Device 
of  Fig.  3b. 

Dotted  line  •  Calculated  gate  current  versus 
time. 

Full  ftnnarfts  .  Density  of  filled  traps  N"  ver¬ 
sus  time.  Data  are  given  for  the  point  of 
maximum  trapping  (cp.  Fig.  5). 

Solid  line  -  Non  self-consistent  solution  of  the 
trapping  rate  equation  (1)  (cp.  Equ.(2)>. 
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la  Figure  4  the  decrease  of  our  simulated  gate  current  with  time  is  shown  and  we  compare  the  time 
dependence  of  the  maximum  charge  density  in  oxide  traps,  which  results  from  our  self-consistent 
calculation  with  the  solution  of  equation  (1)  for  constant  j0X(N* =0): 

N-  =  N0(l-exp(-joxdt))  (2) 

The  saturation  of  the  charge  encountered  in  the  case  of  this  analytic  expression  is  due  to  the  limited 
number  of  traps,  whereas  in  our  solution  a  saturation  at  a  much  lower  level  is  found,  which  is  due  to  the 
decrease  in  jQX. 


Figure  5:  Density  distribution  of  trapped  negative  charge  along 
the  channel  calculated  for  different  stress  times  (same  stress  as  in 
Fig- 4). 


Figure  6:  Substrate  current  characteristics  for  dif¬ 
ferent  stress  times  at  VD  =  -5V,  calculated  for  the 
p-channel  device  of  Fig.  4. 


Figure  S  shows  the  density  of  charged  traps  along  the  channel  for  different  stress  times.  In  Figure  6,  finally, 
the  substrate  current  characteristics  after  different  stress  times  is  represented.  The  experimental  known  fact 
of  a  drastic  reduction  of  substrate  current  with  stress  time  is  reproduced  by  our  calculation.  The  negative 
charges  trapped  near  drain  decrease  the  electric  field  peak,  thus  diminishing  impact  ionization.  Static  stress 
experiments  with  p-MOSFETs  show  the  same  decrease  in  substrate  current  [7]. 

The  example  given  above  was  calculated  on  a  VP200  vector  processor  and  took  30  minutes  of  CPU-time. 

To  simulate  the  degradation  behavior  in  this  way  will  be  of  special  interest  b  estimating  long  time 
degradation  at  normal  operation  voltages  starting  from  short  time  high  voltage  stress  experiments. 
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ANALYSIS  OF  HOT  CARRIER  DEGRADATION  IN  AC  STRESSED  N-CHANNEL  MOS 
TRANSISTORS  USING  THE  CHARGE  PUMPING  TECHNIQUE 

R.  BELLENS,  P.  HEREMANS,  G.  GROESENEKEN  and  H.E.  MAES 
IMEC  vzw,  Kapeldreef  75,  B-3030  Leuven,  Belgium 

R6sum| 

La  degradation  par  portcurs  chauds  (hot  carriers)  de  transistors  nMOS,  induite  tors  de  l'applicadon  de  tensions  alternatives  (AC- 
stress)  a  £t£  dvalude  en  utilisant  la  technique  Charge  Pumping  et  les  rgsultats  ont  iti  compares  a  ceux  d'une  contrainte  sous  tension 
continue.  En  outre  d'une  composante  de  degradation  uniquement  dependante  du  temps  de  vieiilissement,  une  composanie 
additionelle  a  ete  observee  qui  est  proportionelle  au  nombre  d'impulsions  appliqudes  (frequence  *  temps).  La  degradation  s'avfcrc 
fortement  dependante  de  la  foime  de  l'impulsion  &  la  grille.  En  effet,  nos  experiences  prouvent  d'une  pan  que  le  temps  de  descente 
de  l'impulsion  de  grille  est  beaucoup  plus  important  que  le  temps  de  montde,  et  d'autre  pan  que  la  largeur  de  l'impulsion  de  grille 
determine  le  degre  de  compensation  de  la  charge  positive  piegee  durant  la  pdriode  de  tension  basse  k  la  grille,  par  des  electrons 
injectes  durant  la  periode  de  tension  haute. 

Abstract 

Hot  carrier  degradation  induced  during  AC-stressing  of  NMOS  transistors  is  evaluated  using  the  charge  pumping  technique  and  the 
results  are  compared  with  those  from  DC-stress.  Besides  a  degradation  component  that  is  only  dependent  on  stress  time,  an  addi¬ 
tional  component  is  observed  that  is  proportional  to  the  number  of  applied  pulses  (frequency  *  time).  A  strong  dependency  of  the 
degradation  on  the  shape  of  the  gate  pulse  is  demonstrated.  The  falling  edge  of  the  gate  pulse  is  shown  to  be  much  more  important 
than  the  rising  edge  and  the  width  of  the  gate  pulse  determines  the  amount  of  compensation  of  the  trapped  positive  charge  by 
injected  electrons. 

Llnuoduction 

In  the  last  decade  much  effort  has  been  spent  in  the  characterization  and  understanding  of  hot  carrier  degradation  in  DC-stressed  n -channel  and 
p-channel  transistors  /l/.  Although  there  is  still  no  unanimous  agreement  on  the  mechanisms  causing  this  DC-degradation,  the  question  al¬ 
ready  arises  whether  the  results  obtained  under  DC-stress  conditions  can  be  simply  extrapolated  towards  AC-stress  conditions  /2/  or  if  some 
additional  effects  have  to  be  accounted  for  /3,4/.  Therefore,  in  this  study,  AC-stressed  n-channel  transistors  are  evaluated  with  the  charge 
pumping  measurement  technique  /5/,  which  is  shown  to  be  a  powerful  and  indispensable  tool  for  evaluation  of  this  kind  of  degradation  /6,7/. 
The  AC-degradation  results  are  compared  with  those  obtained  during  DC-stress  conditions.  The  influence  of  the  used  frequency  and  of  the 
shape  of  the  gale  pulse  is  studied  and  a  possible  explanation  of  the  enhanced  degradation  is  given. 

2^evre«anc^xnCTimentalcoj^itioris 

The  devices  used  in  this  study  had  an  effective  channel  length  of  2.4  pm  and  a  channel  width  of  100  pm.  The  oxide  thickness  was  27  nm. 
The  devices  came  from  different  suppliers  with  different  technologies.  In  this  way,  technology-dependent  effects  could  be  ruled  out. 

As  illustrated  on  Rg.  1,  during  the  AC-stressing,  a  constant  voltage  Vd  was  applied  at  the  drain  while  the  gate  was  pulsed  between  Vglow 
and  vghigh  "  vd-  The  other  features  of  the  applied  pulse  are  illustrated  on  Rg.  1 .  Source  and  substrate  are  grounded. 

For  the  charge  pumping  measurements  rectangular  pulses  were  applied  at  the  gate  with  an  amplitude  of  5  V  and  a  frequency  of  100  kHz. 
Drain  and  source  were  kept  at  a  small  reverse  bias  of  0.1  V  while  the  substrate  current  was  monitored. 

3^tgecledbehavioj^^^«jwuagoWono^^ega^tion 

By  using  the  charge  pumping  technique  in  combination  with  conventional  I-V  measurements,  the  DC-degradation  mechanisms  have  been 
revealed  recently  /8,9/.  It  was  found  that  at  medium  gate  voltages  (Vg  -  V<j/2)  maximum  degradation  occurs,  due  to  interface  trap  generation. 
At  low  gate  voltages  (Vg  «  V(),  the  interface  trap  generation  is  masked  by  positive  charge  trapping,  due  to  hole  injection  /9,10/.  The  latter 
effect  is  auu.:nsnt  on  the  VfShift  for  these  conditions.  At  high  gate  voltages  (Vg  »  Vj),  interface  trap  generation  is  minimal,  as  is  the 
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Fig.  1 :  Drain  and  gate  voltages  applied  during  AC-  Fig.  2  :  AIq,  as  a  function  of  Vgiow  for  Vd=7.5V, 

stress  conditions  tr=tf=  10ns  and  duty  cycle=50%.  Stress  time 

was  1000s  for  AC-stress,  500s  for  DC-stress. 
L=2|im,  W=  1 00pm 

degradation  of  the  1-V  characteristic.  However,  when  this  condition  is  applied  after  a  stress  at  Vg  =  Vt,  compensation  of  the  trapped  holes 
occurs,  and  the  interface  traps  generated  at  Vg  =  Vt  suddenly  influence  the  I-V  characteristics  /8,9/.  By  simply  extrapolating  the  DC-results  to 
pulse  shapes  as  on  Fig.  1,  one  could  therefore  be  inclined  to  neglect  the  minor  degradation  during  the  part  of  the  gate  pulse  when  Vg  =  Vj  and 
the  degradation  would  be  expected  to  occur  mainly  during  the  Vg  =  Vg]Qw  part  of  the  gate  pulse.  However,  during  the  rise  and  fall  of  the  gate 

pulse,  a  contribution  is  expected  that  increases  with  increasing  tf  and  if.  The  maximum  AC -degradation  would  however  never  surmount  the 
worst  case  of  the  DC-degradation  at  the  same  V<j.  Finally,  the  compensation  of  the  trapped  holes  mentioned  before  is  expected  to  be  complete 
during  the  Vg  =  Vj  part  of  the  pulse,  if  the  trapping  time  of  the  electrons  is  smaller  than  the  pulsewidlh. 


4,  Measurement  results 

In  the  same  way  as  for  DC-stress  conditions,  the  AC-degradation  was  studied  as  a  function  of  stress  lime  for  different  combinations  of  the 
stress  parameters.  While  for  DC-stress  conditions  Vj,  Vg  and  the  stress  time  are  the  most  important  parameters,  for  AC-degradations  with  a 
constant  Vj,  one  has  to  evaluate  the  possible  influence  of  the  frequency  F,  the  rise  lime  tf  and  the  fall  time  tf,  the  duty  cycle,  the  low  value 
of  the  gate  voltage  Vgjow  and  the  width  of  the  gate  pulse.  All  these  parameters  will  now  be  studied  one  by  one. 


Fig.  2  shows  the  increase  in  charge  pumping  current  AICp  as  a  function  of  the  low  value  of  the  gate  pulse  Vg)ow  for  a  total  stress  time  of 


1000  s.  In  all  these  experiments  Vg^^  was  equal  to  V(j  =  7.5  V,  tf  =  tr=  10  ns,  duty  cycle  =  50  %.  For  comparison  AICp  for  DC- 
stresses  during  500  s  at  Vj  =  7.5  V  and  various  Vg  was  plotted  on  the  same  figure.  For  high  Vgjow,  i.e.  a  small  difference  between  vghjgh 
and  VgIow,  the  curve  for  the  AC-degradation  approaches  that  of  the  DC-stress.  For  small  Vg|QW  however,  the  two  curves  differ  completely 


and  the  highest  degradation  occurs  for  Vg]Qw  =  0  V  and  strongly  exceeds  the  maximum  DC-degradation.  Moreover,  the  difference  is  propor¬ 


tional  to  the  used  frequency,  which  is  already  indicative  of  an  enhanced  degradation  during  the  edges  of  the  gate  pulse. 

Influence  of  the  frequency  of  the  gate  pulse 

The  stresses  at  Vgjow  =  0  V  were  studied  extensively  in  order  to  clarify  the  enhanced  degradation.  Fig.  3  shows  the  lime  dependency  of  the 
degradation  for  different  frequencies.  All  degradations  were  performed  with  tf  =  if  =  6  ns,  duty  cycle  =  90  %,  Vghigh  =  Vd»6.5V.  It  fol¬ 
lows  from  the  figure  that  the  time  dependency  of  Alep  has  a  slope  factor  of  0.67  for  all  frequencies,  which  is  identical  to  the  time  dependency 

during  DC-stress.  As  already  illustrated  on  Fig.  2,  one  can  also  observe  a  dependency  on  the  frequency  at  a  given  stress  time.  This  depen¬ 
dency  has  the  same  slope  factor  n  *  0.67.  In  Fig.  3,  the  time  during  which  Vg  =  Vg^^  is  independent  of  the  frequency  for  a  fixed  stress 
time,  since  the  duty  cycle  is  fixed.  Consequently,  if  the  degradation  at  Vg  =  Vgj,jg|,  would  be  dominant,  the  curves  for  different  frequencies 
would  coincide,  which  is  clearly  not  the  case.  When  one  plots  the  curves  of  Fig.  3  as  a  function  of  the  number  of  applied  pulses,  i.e.  N  =  F 
*  stress  time,  one  obtains  more  or  less  a  unique  dependency  independent  of  the  stress  time  and  the  applied  frequency,  as  is  shown  on  Fig.  4. 
This  dependency  once  more  has  a  slope  of  0.67  which  again  points  to  a  main  degradation  contribution  during  the  edges  of  the  gate  pulse. 
One  can  conclude  that  for  the  AC-stress  case  Vg^  =  0  V,  the  main  degradation  occurs  only  during  the  falling  and/or  rising  transition  edges 

of  the  gate  pulse,  and  therefore  is  proportional  to  the  number  of  pulses  N  with  a  dependency  Alep  =  A  Nn  with  n  =  0.67. 


In  the  previous  paragraph  Vgjow  was  always  taken  equal  to  0  V,  which  means  that  during  the  part  of  the  gate  pulse  when  Vg  =  Vg(ow  no 


degradation  occurred  while  during  the  high  part  of  the  gate  pulse  (Vg  ■  Vj)  the  DC-degradation  is  negligible  as  compared  to  the  degradation 
during  the  transition  edges  of  the  gate  pulses.  For  conditions  where  Vgjow  is  different  from  0  V  however  one  can  observe  a  contribution  of 


C4-653 


Fig.  3  :  Alq,  as  a  function  of  stress  time  for  V<|=6.5V,  Fig.  4  :  A!cp  as  a  function  of  the  number  of  applied 

Vgiow=0V,  tf=tf=6ns  and  duty  cycle=90%.  pulses  for  Vd=6.5V,  Vgiow=0V,  t,=tf=6ns  and 

L=2pm,  W=100)im  duty  cycle=90%.  L=2pm,  W=  100pm 

the  DC-degradation  during  Vg  =  Vg]ow.  On  Fig.  5,  A^p  is  plotted  as  a  function  of  the  frequency  for  Vg|ow  =  1  V,  tr  =  if  =  6  ns,  duty 
cycle  =  50  %,  Vghigh  =  Vd  =  7  V,  stress  time  =  1000s.  As  can  be  seen  Alep  does  not  increase  linearly  with  frequency  in  this  case.  At  low 
F,  the  DC-degradation  during  the  part  of  the  gate  pulse  when  Vg  =  Vg[QW  is  much  larger  than  the  extra  degradation  during  the  transition  edges 
of  the  gate  pulse.  The  latter  shows  up  on  Fig.  5  as  the  frequency  dependent  component,  while  the  former  is  frequency  independent,  ecause 
the  duty  cycle  is  kept  constant.  When  one  subtracts  the  part  of  the  degradation  occurring  at  Vg  =  Vglow  from  the  total  degradation  urve, 

only  the  degradation  during  the  transition  edges  remains.  This  is  shown  on  Fig.  5  on  the  curve  labeled  "AC  component".  This  curve  has  a 
slope  factor  n  =  0.7,  as  is  the  case  for  Vglow  =  0  V. 

Influence  of  the  edges  of  thejate  pulse 

In  order  to  reveal  the  cause  for  the  enhanced  degradation  occurring  during  the  transition  edges  of  the  gate  pulse,  the  influence  of  the  edges  on 
AICp  for  transistors  stressed  at  F  =  100  kHz,  Vg]ow  =  0  V,  Vg^gj,  =  Vd  =  6.5  V,  duty  cycle  =  50  %  and  tf  =  tr  is  shown  on  Fig.  6.  It  is 

obvious  that  decreasing  tf  and  tf  increases  the  degradation.  This  definitely  proves  that  this  degradation  is  not  DC-related,  since  in  this  case 
one  would  expect  a  decreasing  degradation  with  decreasing  tf  and  tr-  In  order  to  fmd  an  explanation  for  the  observed  behaviour,  rising  and 
falling  edges  were  varied  independently.  It  was  found  that  the  enhanced  degradation  almost  completely  occurs  during  the  fall  time,  while 
changing  the  rise  time  has  little  effect.  For  very  large  tr  and  tf  the  degradation  again  increases  because  DC-degradation  during  the  transition 
edges  now  becomes  more  important 
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Fig.  5  :  Alep  as  a  function  of  the  frequency  for  stress  Fig.  6  :  Alep  as  a  function  of  the  rise  and  fall  time  at  2 

time=1000s,  Vj=7V,  Vg|ow=  IV,  t^=tf=6ns  stress  times  for  V<)=6.5V,  Vg)ow=0V, 

and  duty  cycle=50%.  L=2)jm,  W=100|rm  F=100kHz  and  duty  cycie=  5C%.  L=2pm, 

W=100nm 

Mv  twlt.Qf. thejate  pn)y 

From  DC -experiments,  it  is  known  that  during  a  stress  at  Vg  *  Vt  positive  charge  is  trapped  in  the  oxide,  that  can  be  compensated  by  a  sub¬ 
sequent  stress  at  Vg  *  Vj  /10/.  Since  this  sequence  of  stresses  is  repetitively  applied  during  AC-stress,  we  were  able  to  study  in  more  detail 

the  hole  trapping  and  subsequent  compensation  using  AC-stress  conditions.  From  charge  pumping  measurements,  it  was  found  that  positive 
charge  trapping  during  Vg  »  Vg|  ;>  v  still  occurs  up  to  frequencies  of  10  MHz.  This  proves  that  this  hole  trapping  process  has  a  time 

constant,  smaller  than  50  ns.  In  order  to  study  the  compensation  effect  by  electron  trapping,  stresses  at  different  duty  cycles  were  performed. 
Fig.  7  shows  the  influence  of  the  duty  cycle  on  AICp  for  transistors  stressed  at  F  *  100  kHz,  lr  =  tf  =  6  ns,  Vg(ow  =  0  V,  Vghigh  «  Vd  « 
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Duty  Cycle  [%] 


Fig.  7  :  Alep  as  a  function  of  the  duty  cycle  at  3  stress 
times  for  Vd=6.SV,  Vgiow=OV,  F=10kHz, 
tr=t(=6ns.  L=2|im,  W=100ttm 


Fig.  8  :  AC-component  of  measured  lsub  /  DC- 

simulated  ISUb  as  a  function  of  the  edges  for 
V<j=7.5V,  Vgjow=0V,  F=  100k Hz  and  duty 
cycle=  50%.  L=2pm,  W=100pm 


7.5  V  and  stress  time  =  200  s  .  Alep  decreases  for  the  lower  values  of  the  duty  cycle.  This  behaviour  will  be  explained  in  the  next 
paragraph. 


5.  Discussion 

From  the  experiments  in  the  previous  paragraph,  it  can  be  concluded  that  the  degradation  during  AC-stress  with  constant  drain  voltage  is 
composed  of  two  components  :  one  component  is  DC-related  (mainly  occurring  at  Vg  =  Vglow  or  during  the  fall  and  rise  times  of  the  gate 

pulse);  the  other  component,  which  is  proportional  to  the  number  of  applied  pulses,  is  not  observed  during  the  IX  'egradation,  and  occurs 
only  during  the  falling  edge  of  the  gate  pulse.  This  component  has  often  caused  the  extrapolation  of  DC-results  towards  AC-conditions  to 
fail.  In  these  extrapolations  the  substrate  current  is  always  assumed  to  be  the  integral  of  DC  substrate  currents.  However,  for  small  fall 
times,  this  assumption  is  no  longer  valid.  Indeed,  we  performed  substrate  current  measurements  under  identical  conditions  as  during  the 
stress  experiments,  and  compared  them  with  measurement  results  under  DC-conditions.  The  results  are  shown  on  Fig.  8  as  a  function  of  the 
fall  time,  for  F  =  100  kHz,  Vgjow  =  0  V,  Vghjgh  =  Vj  =  7.5  V.  The  substrate  current  under  AC-conditions,  for  fall  limes  of  10  ns,  is  seen 

to  be  a  factor  of  250  larger  than  what  is  expected  from  DC-measurements.  This  enhancement  decreases  to  a  factor  of  3  for  larger  fall  limes. 
These  results  are  in  qualitative  agreement  with  the  degradation  as  a  function  of  the  edges,  showed  on  Fig.  6.  Moreover,  it  is  observed  that 
this  enhancement  is  not  dependent  on  the  rise  time,  as  is  also  the  case  for  the  degradation  behaviour.  Therefore,  this  enhanced  substrate 
current  can  be  correlated  with  the  degradation  component  during  the  falling  edge  of  the  gate  pulse.  At  present,  experiments  are  being 
performed  to  clarify  the  exact  origin  of  this  substrate  current  enhancement.  Together  with  the  substrate  current  increase  and  accompanying 
increase  in  interface  trap  density  for  decreasing  fall  time,  a  large  build-up  of  positive  charge  is  expected.  For  the  conditions  of  Fig.  7  with  a 
low  duty  cycle  this  positive  charge  is  only  partially  compensated  by  the  electrons  injected  during  the  pan  of  the  gate  pulse  when  Vg  =  Vj 
/9,10/.  Because  of  the  incomplete  compensation,  a  net  positive  charge  remains  at  the  drain  which  decreases  the  lateral  electric  field  during  the 
falling  edge  resulting  in  a  reduced  generation  of  interface  traps.  For  larger  duly  cycles,  the  positive  charge  is  however  completely 
compensated  within  each  cycle  and  the  electric  fields  will  be  maximal  during  the  fall-off  of  the  gale  pulse.  From  Fig.  7  and  from  similar 
additional  charge  pumping  experiments,  the  time  constant  for  the  compensation  process  (electron  trapping  on  trapped  holes)  is  found  to  be 
about  0.5ps. 


6.  Conclusions 


An  enhanced  degradation  has  been  observed  for  AC-stress  conditions  using  gate  voltage  pulses  and  a  constant  high  drain  voltage.  This 
enhancement  is  dependent  on  the  shape  of  the  gate  pulse.  Decreasing  fall  times  enhance  the  effect,  while  the  rising  edge  has  little  influence. 
An  enhanced  substrate  current  has  been  observed  for  identical  stress  conditions.  At  present  experiments  are  being  performed  to  explain  this 
phenomenon.  The  duty  cycle  determines  the  amount  of  compensation  of  the  positive  charge  by  the  injected  electrons. 


The  authors  wish  to  thank  BTMC  Alcatel  for  providing  the  devices.  P.  ’leremans  is  a  research  assistant  of  the  Belgian  National  Fund  for 
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DYNAMIC  HOT-CARRIER  DEGRADATION  OF  FAST-SWITCHING  CMOS  INVERTERS  WITH 
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ABSTRACT  -  The  frequency  shift  of  ring  oscillators  operated  at  high  power  supply  voltages 
exhibits  hot-carrier  degradation  similar  to  the  well-lmown  stress  effects  measured  at  single 
transistors.  The  predicted  duty  cycles  based  on  substrate  currents  generated  during  the  fast 
switching  periods  yield  results  which  are  in  good  agreement  with  the  degradation  data  from 
ring  oscillators  and  externally  switched  inverters  only  for  short  stress  times.  For  long  stress 
times,  however, deviations  are  reported. 


1  -  INTRODUCTION 

Hot-carrier  effects  in  submicron  CMOS  circuits  are  considered  a  major  problem  when  using  a  power 
supply  voltage  of  5V.  Recently,  dynamic  stress  experiments  performed  on  transistors  with  externally 
switched  gate  and  drain  voltages  confirmed  the  assumption  of  duty  cycles  based  on  substrate  currents  alone 
IV  or  suggested  a  modification  additionally  taking  into  account  the  switching  current  of  the  transistor  121. 
With  externally  applied  voltages  it  is  difficult  to  obtain  rise  and  fall  times  of  gate  and  drain  voltages  shorter 
than  3ns.  In  CMOS  circuits  such  as  logic  cells  or  driver  stages  the  rise/fall  times  of  the  voltages  are  much 
shorter.  Consequently  degradation  experiments  using  ring  oscillators  with  different  load  capacitances  and 
gate  delay  times  of  lOOps  to  3ns  are  used  to  investigate  dynamic  degradation  in  this  high  frequency  range. 

2  -  EXPERIMENTAL  DETAILS 

For  an  inverter  with  externally  applied  gate  voltages  a  test  structure  was  designed  which  consists  of  a  chain 
of  four  CMOS  inverters.  Each  of  the  inverter  outputs  can  be  connected  to  a  pad  by  a  transfer  gate  for  the 
characterization.  The  pad  capacitance  is  switched  off  during  the  dynamic  stress.  With  this  arrangement 
either  each  transistor  of  the  inverter  chain  can  be  characterized  statically  or  can  be  stressed  dynamically 
like  a  ring  oscillator  with  a  small  load  capacitance  by  an  external  pulse  fed  into  the  first  inverter.  The  n- 
MOSFET  results  of  the  first  inverter  are  shown  here.  The  current  degradation  was  measured  in  the  linear 
region. 

Whereas  in  static  degradation  experiments  Vt,  gm,  or  Ijj  are  measured  to  characterize  the  degradation  of 
the  transistor,  here  the  frequency  shift  of  ring  oscillators  is  used.  This  quantity  can  be  measured  very 
accurately  down  to  the  0.1%  range.  Typically  the  frequency  decreases  during  stress  due  to  the  decreasing 
current  of  the  n-channel  transistor  caused  by  hot-carrier  injection.  Three  single-gate  and  three  cascoded 
(with  two  n-channel  transistors  in  series)  ring  oscillators,  each  with  a  different  number  of  stages  and  load 
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caparif?"'’**,  were  used  to  investigate  the  influence  of  the  duty  cycle  on  dynamic  hot  carrier  degradation  as 
listed  in  Table  1. 

The  LDD  transistors  under  investigation  were  fabricated  in  4Mbit  DRAM  technology  with  a  gate  length  of 
l.Oum,  Wn  =  lOum,  Wp = 20um  and  tox = 2flnm. 

fan  in/out  cycle  time  gate  delay 
F  =  1  10ns  0.18ns 
F  =  l;  lpf  40ns  1.7  ns 
F  =  3  60ns  0.35ns 

Table  1  Circuit  parameters  of  the  ring  oscillators 


3  -  INVERTER  CHAIN  RESULTS  (rise/fall  time  _>  3ns) 

Fig.1  compares  results  for  different  pulse  configurations.  For  a  constant  rise/fall  time  of  3ns  the  pulse 
period  was  varied  from  40  to  400  and  4000ns.  This  should  reduce  the  duty  cycle  by  one  order  of  magnitude 
in  each  case.  The  experimental  results  agree  with  this  as  can  be  observed  in  Fig.  1. 

Then  the  duty  cycle  was  kept  constant  and  the  pulse  period  was  changed.  Fig.  1  shows  that  all  three  curves 
agree  essentially  within  the  limits  of  experimental  error  again  demonstrating  the  validity  of  the  duty  cycle 
assumption. 

Comparing  these  results  with  static  stress  experiments  by  calculating  the  substrate  currents  during  the 
switching  period,  agreement  with  a  calculated  factor  of  130  is  found  only  at  short  stress  times.  At  longer 
stress  times  the  dynamic  curves  approach  the  static  one  and  may  even  cross  for  long  stress  times.  This 
finding  contradicts  the  duty  cycle  assumption  and  was  therefore  confirmed  for  several  processes. 
Furthermore,  dynamic  stress  experiments  were  performed  on  single  transistors  by  applying  separate  pulses 
at  the  gate  and  drain  to  perform  a  check  on  a  different  experimental  setup.  The  result  was  again  the  same. 


Fig.1  Drain  current  degradation  of  a  single  n-MOSFET  in  an  inverter  chain  as  a  function  of  the  dynamic 
stress  time  for  different  input  pulse  configurations.  A  static  stress  result  is  included  included  for 
comparison. 
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4  -  RING  OSCILLATOR  DEGRADATION  (rise/fall  time  <  3ns) 

4.1  Voltage  dependence 

The  frequency  shift  of  ring  oscillators  due  to  hot-carrier  degradation  behaves  very  similarly  to  the 
degradation  of  the  current.  Fig.l  shows  the  frequency  shift  for  a  ring  oscillator  with  F  =  3  at  supply  voltages 
of  5  to  8V  as  a  function  of  the  stress  time.  After  an  initial  strong  shift  of  the  frequency,  the  degradation  of 
the  ring  oscillator  shows  a  saturation  effect.  The  frequency  shift  also  increases  with  power  supply  voltage 
and  is  therefore  correlated  with  the  degradation  of  the  transistor  parameters. 


Fig.2  Frequency  shift  of  ring  oscillator  F=3  Fig-3  Frequency  shift  of  ring  oscillators 

at  different  voltages  with  different  gate  delay  and  cycle  times 

4.2  Duty  cycle  dependence 

The  basis  for  predicting  the  dynamic  degradation  is  the  ratio  of  substrate  current  generated  during 
switching  periods  to  the  maximum  substrate  current  of  the  transistor  under  static  stress  conditions. 
Introducing  the  substrate  current  into  a  circuit  simulator  such  as  SPICE  with  subsequent  integration  of  this 
current  during  the  cycle  time  should  therefore  yield  the  degradation  of  the  circuit.  The  drain  current 
dependence  (compare  12/)  is  neglected  because  all  ring  oscillators  have  approximately  the  same  switching 
current. 

The  results  for  three  different  single-gate  inverters  are  shown  in  Fig.3.  For  short  stress  times,  differences 
can  be  explained  on  the  basis  of  the  substrate  currents  (see  Fig.4).  However,  for  longer  stress  times  of  104- 
10^s  the  three  curves  level  off  and  lead  approximately  to  the  same  degradation  with  the  same  time 
dependence  as  the  dynamic  results  shown  in  Fig  1. 

Analyzing  the  duty  cycles  with  SPICE  simulations  including  substrate  currents  (see  Fig.3),  the  duty  cycle 
theory  predicts  lifetimes  which  are  2  and  3  times  longer  for  F = 1,  lpF  and  F = 3  than  for  F  =  1  respectively. 
Experimentally  this  was  found  only  for  short  stress  times  while  for  longer  ones  the  three  ring  oscillators 
show  approximately  the  same  degradation. 

43  Substrate  current  dependence 

Cascoded  inverter  ring  oscillators  with  the  same  number  of  stages  exhibit  greatly  reduced  substrate 
currents  during  switching  periods.  The  peak  values  are  reduced  to  about  1/7  without  changing  the  duty 
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cycle.  From  this  an  increase  in  lifetime  by  a  factor  of  about  120  is  predicted  Experimentally,  a  factor  of  SO 
is  found  (Fig.5),  which  is  in  rough  agreement  with  the  calculation.  At  short  stress  times  the  ring  oscillator 
with  the  fastest  gate  delay  time  again  exhibits  greater  degradation.  For  longer  stress  times,  the 
degradation  is  attained  despite  different  duty  cycles.  In  comparison  with  Fig.2  the  cascoded  inverter 
degrades  at  TV  like  the  normal  inverter  at  SV  due  to  the  internal  voltage  reduction. 
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Fig.4  Simulated  substrate  current  peaks  for  Fig.5  Frequency  shift  of  normal  and  cascoded  ring 
different  inverters  (shown  schematically)  oscillators  with  different  delay  and  cycle  times 


5  -  CONCLUSIONS 

Comparing  the  time  dependent  changes  of  drain  current  in  inverters  with  the  frequency  shift  of  ring 
oscillators,  a  similar  behavior  can  be  observed,  which  shows  clearly  that  both  parameters  originate  from 
hot-carrier  stress  and  are  proportional  to  one  another.  Furthermore  it  is  shown  that  the  saturation  behavior 
is  less  pronounced  for  long  stress  times  after  dynamic  stress  (Fig.  1).  The  duty  cycle  calculation  on  the  basis 
of  substrate  currents  was  verified  at  short  stress  times  but  yields  increasing  errors  for  long  times  (Fig.  1,  3 
and  5).  Despite  different  duty  cycles,  approximately  the  same  degradation  is  attained  by  different  ring 
oscillators.  The  reduced  substrate  current  of  a  cascoded  inverter  is  not  fully  correlated  with  the  lifetimes. 
To  extrapolate  dynamic  lifetimes  up  to  10  years  more  accurately  further  measurements  at  longer  stress 
times  as  well  as  a  quantitative  refinement  of  the  model  will  be  necessary/3/. 
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R6sum6  -  Nous  6tudioos  le  vieillissement  4  77  K  de  transistors  MOS  de  type  N  soumis  4  de  fortes  contraintes 
dlectriques:  tension  de  drain  Vj  =  54  V  et  tension  de  grille  Vg  variant  de  14  4  6,5  V.  Nous  montrons  que  les  maxima 
de  la  digradation  de  transconductance  et  du  dicalage  de  la  tension  de  seuil  ne  se  manifestent  pas  pour  les  mimes 
conditions  de  contrainte.  Les  risultats  sont  expliquis  par  la  nature  plus  ou  moins  localisie  des  d6fauts  cr66s  qui  est 
aussi  responsable  de  la  distorsion  des  courbes  de  transconductance  et  de  son  augmentation  temporaire  lors  du 
vieillissement.  Une  augmentation  inhabituelle  de  la  transconductance  en  rdgime  de  saturation  est  6galement  mise  en 
dvidence. 


Abstract  -  Hot-carrier  stressing  was  carried  out  on  1  n-type  MOSFETs  at  77  K  with  fixed  drain  voltage  Vj  =  5.5  V 
and  gate  voltage  Vg  varying  Grom  1.5  to  6.5  V.  It  was  found  that  the  maximum  transconductance  degradation  and 
threshold  voltage  shift  do  not  occur  at  the  same  Vg  .  This  behavior  is  explained  by  the  localized  nature  of  induced 
defects  which  is  also  responsible  for  a  distortion  of  the  transconductance  curves  and  even  a  slight  temporary  increase  in 
the  transconductance  during  stress.  An  anomalous  increase  in  the  saturation  transconductance  is  also  reported. 


1  -  INTRODUCTION 

The  hot  carrier  induced  degradation  is  known  to  be  more  accentuated  for  MOSFET  operation  at  low  temperature  but  most  of 
the  experimental  work  was  carried  out  at  300  K.  Recent  papers  show  a  lack  of  concordance  concerning  the  physical  mechanisms 
involved  in  the  device  degradation  at  300  K  and  77  K  (generation  of  interface  states  /l/  or  charge  trapping  /2/).  In  relatively 
long  MOSFETs,  maximum  degradation  occurs  for  a  given  drain  voltage  Vj  when  the  gate  voltage  Vg  is  approximately  V,j/2 
(maximum  substrate  current)  /3/. 

In  this  work,  we  study  the  defect  nature  and  localization  in  short  channel  n-type  MOSFETs  subjected  to  high-field  stressing  at 
77  K  by  regarding  threshold  voltage  Vt  shift  and  changes  in  the  transconductance  Gm  value  and  shape.  Both  the  linear  region  and 
saturation  region  are  reported.  Some  particularities  in  the  transconductance  behaviour  of  stressed  devices  are  discussed  for  the 
first  time. 

2  -  EXPERIMENT  AND  RESULTS 

The  devices  used  were  conventional  n-channel  MOSFETs  with  effective  channel  length  Leff  a  1  channel  width  W  =  20  nm 
and  oxide  thickness  ‘ox  -  25  am  fabricated  at  LETI  Laboratories  in  Grenoble  (France).  The  devices  were  directly  immersed  in 
liquid  nitrogen  and  stressed  at  a  fixed  drain  voltage  V<j  =  54  V  and  various  gate  voltages  Vg .  The  device  characterization  was 
performed  at  77  K  and  300  K,  before  and  after  stress,  by  using  HP  4145B  Analyzer.  We  measured  the  drain  current  I,j(Vg)  and 
transconductance  Gm(Vg)  characteristics  in  the  linear  (V<j  <  100  mV)  and  saturation  region  with  both  forward  and  reverse 
modes  of  operation,  the  substrate  current  and  the  subthreshold  slope.  Vt  was  determined  at  I^  =  0.2  fiA/nm  of  channel  width  or 
by  extrapolating  the  linear  I<j(Vg)  curve. 

The  transconductance  reduction  rate  AGm  -  (Gmo-Gm)/'Gmo  and  threshold  voltage  shift  AVt  «■  Vt-Vt0  occuring  after  one 
hour  stress  is  presented  in  Fig.  I.  Here  Gmo  and  Vt0  denote  pre-stress  values.  We  notice  that  maximum  AVt  and  AGm  do  not 
occur  at  the  same  Vg :  AVt  is  very  small  for  the  Vg  <  Vj  stressing,  becomes  significant  at  Vg  »  Vj  and  then  rapidly  increases  with 
increasing  Vg ,  while  AGm  has  its  maximum  in  the  region  of  maximum  substrate  current. 

Although  for  Vg  <  Vj  ,  the  degradation  rate  follows  roughly  a  law  of  AGm  « t0  2S,  the  behaviour  for  Vg  >  Vj  stressing  is 
more  surprising  ;  a  temporary  increase  in  Gm  is  found  after  104  sec  of  stress  (Fig.  2a).  This  transconductance  ‘overshoot"  is  also 
clearly  seen  in  Gm(Vg)  curves  (Fig.  2b).  Very  similar  curves  have  been  obtained  by  2-D  simulation  /4/  for  the  case  where 
generated  defects  are  localized  in  a  region  of  AL  —  0.15  pm  close  to  the  drain  and  explained  by  a  two-piece  model :  the  total 
transconductance  of  the  stressed  MOSFET  may  be  dominated  by  that  of  the  defective  region  AL  which  has  a  higher  threshold 
voltage  but  a  much  shorter  length  compared  to  the  defect-free  region.  Our  results  offer  the  first  experimental  support  for  the 
predictions  of  a  transconductance  overshoot  during  the  transistor  aging. 
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Fig.  1  -  Maximum  transconductance  degradation  and  threshold  voltage  shift  versus  stress  gate  voltage  after  1  hour’s  stress  at  77  K  with 
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Fig.  2a  -  Maximum  transconductance  degradation  versus  stress  time  for  two  typical  stress  conditions. 


Fig.  2b  -  Transconductance  versus  gate  voltage  characteristics  of  a  device  stressed  at  Vd  -  5.5  V  and  Vg  -  6.5  V;  measurement  at  77  K 
with  Vd  -  50  mV  and  stress  time  as  a  parameter. 


For  Vg  <  Vj.we  observe  first  a  slight  negative  shift  in  the  extrapolated  Vt  followed  by  a  discontinuous  transition  to  positive 
shifts  (Fig.  3a).  The  negative  AVt  may  be  misinterpreted  as  being  due  to  the  generation  of  positive  charge.  We  propose  another 
explanation  based  on  the  fact  that  Vt  depends  also  on  the  slope  of  I{j(Vg)  curve  /5/ : 


V_  -  V 
t  gmax 


dmax 


where  Grim  nr  et  Gmnia,  are  maximum  conductance  and  transconductance,  respectively,  and  is  the  gate  voltage 

corresponding  to  .  It  is  shown  in  Fig.  3b  that  for  short  stressing  periods,  the  maximum  value  <Xnmar  decreases  while  its 

position  VgmiiY  does  not  change,  so  that  Vt  decreases.  For  longer  periods  of  stress  (t  *  1  hr)  a  second  Gm  maximum  emerges 
which  can  exceed  the  Erst  one  and  leads  to  an  apparent  increase  in  the  extrapolated  Vt  .  It  is,  therefore,  more  reasonable  to 
consider  that  the  important  role  is  played  by  the  generation  of  defects  in  a  very  narrow  region  AL  situated  above  the  channel  and 
beside  the  drain.  Indeed,  the  curves  of  Fig.  3b  are  very  similar  to  those  obtained  by  2-D  simulation,  for  the  case  where  acceptor 
states  or  fixed  negative  charges  of  density  of  5  to  ldxlO'1'1  cm"*  are  localized  in  AL  -  0.05  pm  /4/. 
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Fig.  3a  ■  Extrapolated  threshold  voltage  shift  versus  stress  time  for  a  device  stressed  at  Vg  -  3.5  V  and  V4  =  5.5  V. 


Fig.  3b  -  Transconductance  versus  gate  voltage  characteristics  of  a  device  stressed  atVg-  3.5  V  and  Vj  =  5.5  V;  measurement  at  77  K 
with  V/j  =  50  mV  and  stress  time  as  a  parameter. 


The  relaxation  effect  at  77  K  was  found  to  shift  back  the  curves  compared  to  those  taken  immediately  after  stress  (curve  3  of 
Fig.  4);  approximately  30  %  of  the  initial  degradation  is  recovered  after  60  hours  relaxation.  This  requires  the  stress-induced 
degradation  to  be  caused  partly  by  the  electron  capture  in  shallow-level  traps  in  the  gate  oxide  as  suggested  by  Ning  /6/. 
Wanning  up  the  stressed  samples  to  300  K  shows  yet  a  more  beneficial  influence;  subsequent  measurement  at  77  K  shows  a  larger 
decrease  (a  50  %)  in  AVt  (curve  4).  As  the  effect  of  damage  created  by  the  aging  cannot  be  completely  removed  we  conclude  that 
the  stress-induced  defects  in  the  MOSFETs  studied  here  consist  of  (i)  reversible  electron  capture  in  existing  shallow-level  traps 
and  (ii)  irreversible  creation  of  interface  states  and/or  electron  traps  in  the  oxide. 


Fig.  4  -  l<}(Vg)  characteristics  showing  the  relaxation  effect;  (1)  initial,  (2)  3  hours  stress  at  Vg  =  6.5  V  and  Vj  =  5.5  V, 
(3)60  hours  pause  at  77  K,  (4)  +  1  hour  pause  at  300  K 


Another  relevant  result  is  observed  in  the  case  ofVg  >  V<j  stressing;  after  stress  the  saturation  transconductance  measured 
for  Vj  -  5  V  in  the  reverse  mode  becomes  larger  than  in  the  forward  mode  (which  remains  almost  the  same  as  the  pre-stress 
value)  (Fig.  5).  This  improvement  in  Gmcnr  for  degraded  MOSFETs  may  be  explained  by  the  interaction  between  the  defective 
and  defect-free  regions  of  the  channel  (as  proposed  above  for  the  ohmic  operation).  In  the  forward-mode  operation,  of  the 
degraded  MOSFET  should  be  the  same  as  the  pre-stress  value  because  the  defective  region  is  completely  screened  by  the  pinch- 
off  region.  In  contrast,  when  the  source  and  drain  are  interchanged,  the  stressed  device  can  be  cosidered  as  a  series  combination 
of  two  transistors.  The  total  transconductance  depends  on  the  interaction  of  these  two  regions  and  can  exceed  the 
transconductance  of  a  homogenous  MOSFET. 
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Fig.  5  -  Saturation  transconductance  versus  gate  voltage  of  a  MOSFET  stressed  at  Vg  =  6.5  V  and  =  5.5  V. 


3  -  CONCLUSION 

Hot  carrier  degradation  has  been  carried  out  on  1  n-MOSFETs  at  77  K  and  constant  drain  voltage,  with  the  gate  voltage  as  a 
variable.  It  has  been  found  that  the  extension  of  the  defective  region  into  the  channel  depends  strongly  on  the  V„/Vj  ratio  and 
determines  the  behavior  of  the  device  degradation.  For  the  Vg  <  Vj  stress  regime,  the  degradation  or  the  maximum 
transconductance  is  dominant  while  the  threshold  voltage  hardly  changes.  In  contrast,  at  Vg  >  V<j  the  stress-induced  shift  of  Vt  is 
important  and  increases  with  increasing  Vg  while  the  change  in  the  transconductance  maximum  is  found  to  be  attenuated  and  a 
transconductance  overshoot  is  observed  for  several  periods  of  stress.  The  increase  in  the  saturation  transconductance  of  the 
stressed  devices  is  explained  by  the  two-piece  model.  The  comparison  with  the  results  of  2-D  numerical  calculations  allows  us  to 
conclude  that  for  a  drain  voltage  as  high  as  5.5  V,  increasing  Vg  makes  the  extension  of  the  defective  region  go  deeper  into  the 
channel.  The  partial  relaxation  at  77  K  and  300  K  of  the  created  defects  suggests  that  they  consist  of  the  electrons  captured  in 
shallow-level  neutral  traps  and  the  acceptor-like  interface  states  and/or  negative  fixed  charges. 
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K&umd  -  Nous  6tudions  la  degradation  des  performances  des  transistors  MOS  ultra-courts  (03  pm  ■  0.6  pm)  engendr£e 
par  l’injection  de  porteurs  chauds.  Ces  dispositifs  ont  un  canal  N,  une  structure  conventionnelle  (non  LDD)  et  ont  tit 
optimises  pour  fonctionner  &  3  V.  Plusieurs  types  de  contraintes  ont  6t6  analyses.  Un  suivi  systdmatique  des  paramfetres 
importants  a  tit  realise  en  cours  de  vieillissement,  la  degradation  etant  ensuite  evalu6e  par  des  mgthodes  de 
caracterisation  fine.  L’influence  des  tensions  d'alimentation  sur  la  durde  de  vie  des  dispositifs  est  etudiee.  Ces  resultats 
sont  interpretes  en  tenant  compte  de  l’extension  de  la  zone  de  defauts  et  du  taux  de  generation  locale  d’6tats  d’interface. 

Abstract  -  The  hot  electron  induced  degradation  of  fully  optimized  N-channel  MOSFETs,  having  channel  lengths  in  the 
range  0.3  pm  -  0.6  pm,  is  systematically  investigated.  The  created  defects  and  their  influence  on  the  device  performance 
are  evaluated  with  very  sensitive  techniques  and  explained  using  2D  modelling.  The  device  lifetime  is  analysed  as  a 
function  of  the  biasing  conditions.  These  results  are  interpreted  by  taking  into  consideration  the  extension  of  the 
defective  region  as  well  as  the  local  generation  rate  of  interface  states. 


1-  INTRODUCTION 

Hot  electron  reliability  of  MOS  transistors  is  a  key  problem  for  the  long  term  stability  of  modern  VLSI  circuits.  During  the  last 
decade  much  effort  has  been  devoted  to  the  study  of  hot  carrier-induced  degradation  in  MOSFETs  longer  than  1  pm.  Although 
many  important  aspects  have  been  clarified,  neither  a  complete  description  of  the  physical  mechanisms  has  been  given  nor  a  fully 
satisfactory  technological  solution  proposed  to  eliminate  aging  problems.  In  addition,  an  accentuation  of  the  hot  carrier 
deterioration  of  the  Si/SiOz  interface  is  expected  to  occur  as  the  new  generation  of  submicron  transistors  emerges.  Other 
fundamental  questions  are  related  both  to  the  possibility  of  avoiding  LDD  structures  and  the  impact  of  a  bias  supply  limitation  at  3 
V.  However,  a  very  small  amount  of  experimental  data  was  reported  on  the  aging  of  half-micron  transistors. 

There  are  three  original  aspects  in  this  work  : 

(1)  use  of  fully  optimized  deep  submicron  MOSFETs  with  03  -  0.6  pm  channel  lengths, 

(2)  systematic  aging  under  different  stressing  conditions  and  for  very  long  periods  of  time  (6.10s  seconds), 

(3)  monitoring  of  the  evolution  of  the  main  device  parameters  during  stress,  followed  by  a  detailed  inspection  of  the  interface 
damage  at  the  end  of  the  stress  using  very  sensitive  characterization  techniques  (dvnamic  transconductance  and  charge 
pumping)  as  well  as  an  accurate  parameter  extraction  method  . 

2-  EXPERIMENTAL  CONDITIONS 

The  transistors  used  in  this  study  have  been  fabicated  with  electron  beam  lithography.  They  have  channel  widths  of  20  pm,  15  nm 
gate  oxides,  0.17  pm  junction  depth  and  nominal  gate  lengths  from  0.4  to  0.8  pm  ( the  effective  channel  length  being  about  0.1  pm 
shorter).  They  were  optimized  for  a  3  V  bias  supply  in  order  to  avoid  the  use  of  LDD  structures  /l/.  Stress  was  performed  at 
different  gate  and  drain  voltages.  The  aging  effects  of  low  (1.4  V)  and  higher  (33  V)  gate  biases  were  compared  by  keeping  the 
drain  voltage  in  the  saturation  region  before  the  avalanche  onset. 


T#M  IS) 

Table  1.  Coefficient!  of  the  time  dependent  degradation  rate  (Atn)  of  various  parameters  in  a  0.3  pm  MOSFET  stressed  at  Vq  *■  1.4  V 
and  Vq  =  4.4  V. 

Fig.  1.  Degradation  of  various  parameters  in  a  0.3  pm  transistor. 
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A  computerized  data  acquisition  system  enabled  us  to  study  simultaneously  several  transistors  and  monitor  the  evolution  of  their 
parameters.  Figure  1  shows  the  degradation  of  the  main  parameters  (threshold  voltage  Vt,  maximum  of  transconductance  Gm, 
saturation  current  in  reversed  mode  Isat,  subthreshold  slope)  in  a  03  transistor.  The  time  dependent  degradation  rate  of  all 
these  parameters  follows  the  classical  law  Atn  (see  Table  1).  The  highest  value  of  n  corresponds  to  the  subthreshold  swing  but  no 
increase  in  the  off-state  leakage  current  is  observed.  In  contrast,  the  threshold  voltage  shift  is  higher  than  in  the  micronic 
transistors,  probably  because  of  the  greater  ratio  between  the  degraded  region  length  and  the  effective  channel  length.  The  usual 
equivalence  between  a  10  %  degradation  in  transconductance  and  a  10  mV  shift  in  Vt  does  no  longer  hold  in  this  case  (Figs.l  and 
2). 


Fig.  Z  Transconductance  degradation  and  threshold  voltage  shift  versus  time  for  two  stressing  conditions. 

Fig  3.  Device  lifetime  corresponding  to  a  10  %  variation  in  the  saturation  current  (solid  line)  and  to  a  10  mV  shift  in  the  threshold 
voltage  (dashed  line)  versus  substrate  current.  The  duty  ratio  is  10  %.  (1)  and  (2)  correspond  to  the  case  of  the  shorter  transistor  (0.3ym) 
biased  at  VD  =  3V  and  3.5V  respectively. 


In  order  to  extrapolate  the  device  lifetime,  we  have  chosen  two  different  criteria  :  (1)  10  %  decrease  in  the  reverse  mode  saturation 
current  (for  Vg=  Vj=  3  V)  and  (2)  10  mV  shift  in  Vt.  The  two  corresponding  lifetimes  are  plotted  in  Fig.3.  The  classical 
dependence  t  =  C(Isub)~m  is  very  well  fitted  by  m  =  2.5  for  the  saturation  current  and  m  =  3  for  the  threshold  voltage. 
Assuming  a  duty  ratio  of  V10  for  CMOS  technology,  a  10  years  lifetime  can  be  obtained,  with  both  criteria,  at  3  V  bias  supply  even 
for  the  shortest  transistor  (0.3  pm).  For  higher  supply  voltage  the  degradation  becomes  intolerable,  the  threshold  voltage  shift 
being  the  most  limiting  factor.  This  suggests  the  use  of  LDD  like  structures  which  are  believed  to  reduce  the  threshold  voltage  shift 
and  keep  a  good  noise  margin  for  these  low  voltage  transistors.  After  stress  we  also  noticed  an  increase  by  a  factor  of  two  in  the 
substrate  current  due  to  the  local  trapping  of  negative  charges  that  causes  the  lateral  field  to  increase. 


3-  DETAILED  CHARACTERIZATION  OF  THE  DEGRADED  DEVICES 

In  order  to  determine  the  defective  channel  length  AL,  the  type  of  the  created  defects,  their  density  ANq  and  the  carrier  mobility, 
we  use  a  parameter  extraction  method  especially  conceived  for  degraded  submicron  devices  /!/.  In  this  model,  the  damaged 
device  is  presented  by  the  series  combination  of  two  transistors  with  different  channel  lengths  and  threshold  voltages. 

Figure  4  shows  an  original  plot  of  the  degradation  rate  of  the  channel  resistance  versus  Vg,  which  illustrates  the  interaction  between 
the  defective  and  non  defective  regions  of  the  channel :  for  Vg<  Vtl  both  regions  are  in  weak  inversion,  while  for  V„>  Vt2  they  are 
in  strong  inversion.  For  intermediate  gate  voltages  only  the  defect  free  region  reaches  strong  inversion  while  the  degraded  one  is 
still  in  weak  inversion.  In  other  words,  Vtl  is  the  threshold  voltage  of  the  virgin  device  whereas  Vtz  is  that  of  the  degraded  region. 
This  curve  is  in  very  good  agreement  with  previous  theoretical  calculations  /2/.  Table  2  gives  the  values  of  the  threshold  voltages 
shifts  dVt»Vt2-Vtl,  mobilities  degradation  rates  ■  degraded  region  lengths  AL  and  densities  of  created  defects  ANq. 

It  is  found  that  the  defective  channel  length  AL  becomes  more  important  for  the  higher  gate  voltage  whereas  the  density  of  created 
defects  is  weaker. 


In  order  to  validate  these  results,  we  performed  direct  measurements  of  interface  states  were  performed  with  the  dynamic  trans¬ 
conductance  /3/  and  charge  pumping  /4/  methods.  The  interface  states  generated  for  various  conditions  of  stress  are  plotted 
versus  drain  current  (Fig.  j).  Indeed  for  each  channel  length,  a  constant  drain  current,  at  fixed  Vj,  is  nearly  equivalent  to  a 
constant  inversion  charge  and  a  constant  surface  potential.  We  clearly  observe  that  the  density  of  created  interface  states  is  larger 
after  stress  at  lower  gate  voltage  (Vg  -  1.4  V). 
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Fig.  4.  Degradation  rate  of  the  channel  resistance  against  gate  voltage. 

Table  Z  Parameters  of  the  degraded  region  of  the  channel,  extracted  for  various  cases.  Vti  =  0. 78V. 


4-  DISCUSSION 

We  notice  from  Table  2  that  the  ratio  flL/L  can  be  very  large  for  the  higher  gate  voltage.  On  the  other  hand,  it  is  obvious  from 
Table  2  and  Fig.  5  that  a  higher  density  of  interface  states  are  produced  at  lower  gate  voltage,  as  in  the  case  of  long  MOSFET’s.  A 
basic  argument  is  provided  by  the  simulation  with  MINIMOS  of  the  electric  field  along  the  channel  (Fig.6).  We  obseve  firstly  that 
the  peak  of  the  lateral  electric  field  is  almost  constant  with  Vg,  unlike  the  case  of  longer  transistors  where  this  peak  is  greatly 
reduced  with  increasing  V„  ;  this  is  experimentally  confirmed  by  the  fact  that  the  substrate  current  measued  at  fixed  Vq  does  not 
change  significantly  with  Vq  from  1.4  to  3A  V.  Secondly,  the  vertical  field  is  enhanced  by  a  factor  of  two  when  Vg  is  increased 
from  1.4  V  to  3.3  V,  making,  therefore,  easier  the  electron  injection  along  a  larger  part  of  the  channel. 


Fig.  5.  Density  of  generated  interface  states  versus  drain  current  after  one  week  stress. 
Fig  6.  Profiles  of  vertical  and  lateral  fields  along  the  channel 
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For  Vg  =  1.4V,  not  only  the  electron  injection  should  occur  in  a  narrower  region  near  the  drain,  but  also  the  vertical  field  is  there 
inverted,  causing  the  simultaneous  injection  of  hot  holes  and  electrons.  As  the  formation  of  interface  states  is  usually  explained  by 
the  injection  of  both  holes  and  electrons,  it  is  reasonable  to  measure  a  higher  generation  rate  of  inter 'ace  states  in  this  case. 

To  summarize,  we  think  that  for  small  values  of  the  gate  voltage  a  large  amount  of  interface  states  are  created  in  a  very  localised 
region  near  the  drain.  For  higher  gate  voltages,  the  defective  region  greatly  extends  towards  the  source.  This  region  contains 
trapped  negative  charges  and,  at  a  lower  degree,  interface  states.  This  difference  in  the  extension  of  the  degraded  region  is 
confirmed  by  Iq(Vq)  curves  measured  in  the  saturation  region :  after  stress  at  low  Vq  the  initial  drain  current  value  is  recovered 
much  earlier  (i.e.  for  lower  Vq)  than  after  stress  at  higher  Vq. 
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5-  CONCLUSION 

The  degradations  of  both  the  maximum  transconductance  and  threshold  voltage  are  greatly  influenced  by  the  extension  of  the 
defective  channel  length.  The  threshold  voltage  shift  seems  to  be  the  most  limiting  factor  for  the  lifetime  of  ultra  short  devices. 
Various  degradation  tests  show  that  a  10  years  lifetime  can  be  achieved  without  LDD  even  for  0.3  H”  transistors  operated  at  3  V. 
However,  an  increase  of  the  supply  voltage  would  need  the  use  of  LDD  structures. 
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ABSTRACT  -  The  generation  of  interface  states  in  NMOS  transistors  during  hot  carrier  injection  is 
investigated  at  temperatures  between  300  and  75  K.  It  is  found  that  hot  carrier  stress  at  low 
temperatures  induces  a  higher  number  of  interface  states  than  at  300  K.  The  generation  rate  of  interface 
states  can  be  fitted  with  a  power  law  as  a  function  of  stressing  time  with  a  value  of  the  exponent  which 
is  independent  of  the  stressing  temperature.  A  similar  dependence  on  the  stressing  gate  voltage  is  found 
for  hot  carrier  stress  at  75  K  and  300  K.  The  results  suggest  a  temperature  independent  mechanism  of 
interface  state  creation.  The  important  role  of  oxide  hole  traps  in  the  interface  state  generation  at  low 
temperatures  is  demonstrated  using  two-step  experiments. 

1  -INTRODUCTION 

The  degradation  of  MOS-transistors  at  low  temperatures  has  gained  renewed  interest  due  to  the  advantages  of 
low  temperature  operation  of  MOS-devices.  However,  this  is  associated  with  an  increased  hot  carrier 
degradation  due  to  the  higher  substrate  currents  at  low  temperatures  caused  by  an  increased  mean  free  path  of 
the  channel  electrons.  The  hot  carrier  degradation  at  room  temperature  in  NMOS  transistors,  resulting  from  the 
charge  injection  and  trapping  into  the  gate  oxide  near  the  drain  region,  has  been  extensively  studied  in  recent 
years.  Although  it  is  generally  accepted  that  the  degradation  is  caused  by  the  injection  of  high  energy  carriers 
into  the  gate  oxide,  there  is  considerable  disagreement  concerning  the  physical  mechanisms  involved  during  the 
degradation  and,  in  particular,  on  the  generation  mechanism  of  the  hot  carrier  induced  interface  states  /1-3/. 
Some  disagreement  results  from  the  discussion  on  the  interpretation  of  the  measured  data  obtained  from  various 
measurement  techniques.  Using  the  charge  pumping  technique  /4/  it  has  been  shown  that  the  number  of  interface 
states  generated  during  hot  carrier  stress  can  be  measured  independently  from  the  transistor  degradation 
characteristics  /5/.  Therefore,  in  this  study  this  technique  is  used  to  provide  direct  information  on  the  interface 
state  generation  during  hot  carrier  stress  at  various  temperatures  and  stressing  conditions. 

2- EXPERIMENTAL  DETAILS 

The  devices  used  in  this  study  are  NMOS  transistors  fabricated  by  a  poly-gate  technology.  The  gate  oxide  was 
grown  in  dry  02  at  a  temperature  of  950°C  to  a  thickness  of  26  nm.  The  source/drain  regions  are  arsenic  doped 
Transistors  having  a  channel  of  20  pm  width  and  channel  lengths  2.8  pm  and  4.8  pm  are  subjected  to  hot 
earner  stress  at  various  temperatures  between  300  and  75  K.  The  low  temperatures  are  obtained  using  a 
Leybold-Heraeus  R210  2-stage  refrigerator  and  ROK  10-300  refrigerator-cooled  cryostat.  The  cryogenerator  is 
operated  using  a  closed  helium-gas  cycle.  Samples  can  be  kept  at  any  constant  temperature  in  the  range  between 
10  K  and  300  K  The  devices  are  bonded  in  a  package  to  ensure  good  electrical  contact  for  low  temperature 
measurements  and  a  pressure  of  5x10” 2  mbar  was  maintained  in  the  cryostat  throughout  the  measurements.  The 
interface  state  density  (Dp,  in  eV'lcm'2)  is  obtained  from  the  charge  pumping  current  at  the  various 
temperatures  after  introducing  the  temperature  dependent  parameters  in  the  charge  pumping  current  equation  /4/. 

3- RESULTS 

A  typical  result  of  a  charge  pumping  experiment  before  and  after  a  hot  carrier  stress  is  shown  in  fig.  1  for  a 
device  with  a  channel  length  of  2.8  pm  which  was  stressed  at  150  K  near  the  maximum  substrate  current.  The 
maximum  of  the  charge  pumping  current  is  a  measure  for  the  integrated  density  of  interface  states  (in  cm'2) 
while  the  rising  and  falling  flanks  of  the  charge  pumping  current  represent  the  device  threshold  and  the  flatband 
conditions,  repectively.  As  the  sample  is  cooled  down  before  the  stress  from  300  K  to  150  K  the  threshold  and 
the  flatband  voltage  are  shifted  towards  higher  and  lower  voltages,  respectively.  At  the  same  time  the  charge 
pumping  current  is  increased,  indicating  a  higher  recombination  current  at  the  low  temperature.  This  is  due  to  an 
increase  in  the  emission  time  constant  of  the  interface  states.  As  a  consequence,  a  larger  part  of  the  Si-bandgap 
contributes  to  the  charge  pumping  current.  Dp  before  the  stress  is  7.7  10^  and  9.4  10*  cm'2  eV'l  at  300  K 
and  150  K,  respectively.  The  difference  is  due  to  the  increasing  interface  state  density  close  to  the  Si-band 
edges.  After  the  stress  at  150  K  an  increase  in  the  interface  state  density  (ADp)  of  4.3  10*®  cm”2  eV‘1  is 
found,  evidenced  by  a  strong  increase  in  the  maximum  of  the  charge  pumping  current.  The  negative  shift  of  the 
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rising  flank  of  the  charge  pumping  current  after  the  stress  and  the  distortion  of  the  charge  pumping  curve  is  an 
indication  of  the  local  positive  charge  build-up  in  the  oxide  near  the  drain  end  of  the  transistor.  When  the  device 
is  warmed  to  300  K  no  change  is  found  in  either  the  interface  state  density  or  the  trapped  positive  charge.  Three 
general  features  follow  from  the  low  temperature  stress  experiments  :  1)  during  the  low  temperature  hot 
carrier  stress  the  average  increase  of  the  interface  states  inside  and  outside  the  energy  gap  scanned  during  the 
charge  pumping  measurement  at  300  K  (Ej  ±  0.38  eV,  where  E,  is  the  middle  of  the  Si-bandgap),  2)  no 
additional  interface  states  are  generated  during  warming-up  (further  checked  by  cooling  and  re-measuring  Djt) 
and  3)  the  positive  charge  trapped  in  the  oxide  at  low  temperatures  does  not  occupy  shallow  hole  traps  since 
these  would  have  been  detrapped  during  warming  up. 

The  generation  rate  of  the  interface  states  during  hot  carrier  stress  was  investigated  under  stress  conditions  close 
to  the  maximum  substrate  current.  To  this  purpose  devices  with  a  channel  length  of  2.8  pm  were  subjected  to  a 
hot  carrier  stress  at  various  temperatures  between  300  and  75  K  during  20,000  s  with  VG  =  4  V  and 
Vq  =  8  V.  The  hot  carrier  stress  was  interrupted  at  different  times  at  each  temperature  and  a  charge  pumping 
experiment  was  performed.  The  result  is  shown  in  fig.  2(a).  As  the  temperature  is  decreased  from  300  K  the 
interface  state  generation  is  found  to  increase.  At  75  K  ADit  after  20,000  s  of  stress  is  about  5  times  higher 
than  after  an  identical  stress  at  300  K.  This  increase  in  interface  state  generation  is  partially  due  to  the  increase 
in  the  substrate  current  at  low  temperatures.  In  fig.  2(b)  ADit  divided  by  the  ratio  of  the  substrate  to  drain 
current  at  the  stress  temperature  is  plotted  as  a  function  of  the  stressing  temperature.  Since  the  ratio  of  the 
substrate  to  drain  current  is  a  measure  of  the  avalanche  multiplication  in  the  channel  during  hot  carrier  stress,  the 
y-axis  in  fig  2(b)  indicates  the  efficiency  of  the  avalanche  multiplication  in  generating  interface  states.  As  the 
temperature  is  decreased  from  300  K  to  75  K  this  efficiency  is  increased  by  a  factor  of  2.5.  This  suggests  that 
the  increase  in  the  interface  state  generation  at  lower  temperatures  is  not  only  due  to  the  increase  in  hot  carrier 
injection  but  also  due  to  the  increase  in  the  efficiency  of  the  charge  injection  and/or  charge  trapping  in  the  oxide 
at  lower  temperatures. 

In  fig.  2(a)  the  stressing  time  (t)  dependence  of  interface  state  generation  at  various  temperatures  is  found  to 
follow  a  relation  ADit  =  A.  tn  where  A  and  n  are  constants  at  a  given  temperature.  For  a  given  device  and  stress 
condition  the  value  of  n  represents  the  rate  of  the  interface  state  generation.  The  experimental  data  is  fined  to  the 
above  relation  and  the  constants  A  and  n  were  obtained  for  different  stress  temperatures.  The  straight  lines  in 
fig.  2(a)  are  graphical  representations  of  the  fitting  results.  The  n-values  are  found  to  vary  only  between  0.47 
and  0.56  in  the  stress  temperature  range  between  300  K  and  75  K  without  any  systematic  dependence, 
suggesting  that  n  is  independent  of  the  stressing  temperature.  As  explained  above,  at  low  temperatures  the 
enhanced  interface  state  generation  rates  are  largely  due  to  the  increase  in  the  hot  carrier  injection  and  trapping  in 
the  oxide.  Similar  results  were  obtained  in  the  study  of  the  temperature  dependence  of  hot-carrier  induced 
transconductance  degradation  in  NMOS-transistors  /6/. 

The  dependence  of  the  interface  state  generation  on  the  gate  voltage  during  stressing  was  investigated  at  300  K 
and  75  K.  The  stress  was  performed  over  a  period  of  10,000  s  with  Vq  =  8  V  and  Vg  ranging  from  1  V  to 
8  V.  The  channel  length  of  the  devices  was  2.8  pm  and  4.8  pm  for  the  stressing  temperature  of  300  K  and 
75  K,  respectively.  The  increase  in  interface  state  density  normalized  to  its  maximum  is  plotted  as  a  function  of 
the  stressing  gate  voltage  at  both  temperatures  in  fig.  3.  The  interface  state  generation  at  both  temperatures  is 
found  to  have  a  similar  stressing  gate  voltage  dependence.  The  maximum  generation  both  at  300  K  and  at 
75  K  is  occurring  at  bias  conditions  that  correspond  to  the  maximum  substrate  current.  Such  a  behaviour  at 
room  temperature  was  reported  before  151.  This  again  suggests  that  the  interface  state  generation  mechanism  is 
independent  of  the  stressing  temperature. 

Two-step  experiments  were  performed  to  study  the  role  of  hole  traps  in  the  interface  state  generation  at  low 
temperatures.  The  experiments  were  earned  out  at  75  K.  In  a  first  experiment  a  device  with  a  channel  length  of 
4.8pm  was  first  stressed  for  1,000  s  at  Vg  =  1  V,  Vq  =  8  V.  This  causes  holes  to  be  injected  and  trapped 
into  the  oxide  PI,  as  was  evidenced  by  a  negative  shift  in  the  rising  flank  of  the  charge  pumping  current  after 
this  stress.  Subsequently  hot  electrons  were  injected  by  stressing  at  Vq  =  8  V,  Vq  =  8  V  /7/  for  1,000  s. 
This  stress  caused  the  rising  flank  of  the  charge  pumping  current  to  shift  back  to  the  original  position,  indicating 
the  effective  neutralization  of  the  trapped  holes  by  the  injected  electrons.  In  a  second  experiment  identical  stress 
conditions  were  used  but  the  order  of  the  stresses  was  reversed  (i.e.  first  hot  electron  injection  and  then  hot  hole 
injection).  ADit  after  each  step  of  the  two  experiments  is  given  in  Table  1 .  A  large  build-up  of  interface  states  is 
found  after  a  hot  hole  injection  while  hot  electron  injection  causes  only  a  small  increase  (compare  sample  1  with 
sample  2).  The  generation  of  interface  states  during  the  second  stress  is  nearly  independent  of  the  first  stress 
performed  (compare  sample  1  with  sample  3  and  sample  2  with  sample  4).  Therefore,  no  two-step  process 
can  be  evidenced.  The  results  also  clearly  demonstrate  that  even  at  low  temperatures  hot  hole  injection  is  more 
efficient  in  generating  interface  states  than  hot  electron  injection,  in  agreement  with  the  results  found  at  room 
temperature  using  gated  diode  avalanche  injection  /8/. 
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4-DISCUSSION 

The  generation  of  interface  states  during  hot  carrier  stressing  at  conditions  close  to  the  substrate  current 
maximum  was  observed  to  obey  a  power  law  dependence  as  a  function  of  stressing  time.  The  exponential  factor 
was  found  to  be  independent  of  the  stressing  temperature.  This  suggests  that  the  mechanism  of  interface  state 
generation  is  independent  of  the  temperature.  This  is  also  supported  by  the  similar  dependence  of  the  interface 
state  generation  on  the  stressing  gate  voltage  observed  during  hot  carrier  stress  at  75  K  and  300  K.  Under 
conditions  of  maximum  substrate  current  the  electric  field  at  the  drain  end  of  the  channel  reaches  a  maximum 
with  the  field  directing  both  hot  holes  and  hot  electrons  into  the  gate  oxide  ill.  The  observed  maximum  of  the 
interface  state  generation  under  these  conditions  was,  therefore,  related  to  the  simultaneous  injection  of  hot  holes 
and  hot  electrons  into  the  oxide  under  these  conditions  /5/.  In  the  two-step  experiments  it  was  demonstrated  that 
hot  holes  are  much  more  efficient  in  generating  interface  states  than  hot  electrons.  The  maximum  interface  state 
generation  during  simultaneous  hole  and  electron  injection  can,  therefore,  be  explained  by  the  fact  that  under 
these  conditions  die  neutralization  of  the  trapped  holes  by  the  injected  electrons  counteracts  the  field  build-up  by 
the  charged  hole  traps  which  in  turn  increases  the  hole  injection  and  trapping  probability. 

In  order  to  explain  the  important  role  of  hole  traps  in  the  generation  of  interface  states  at  room  temperature  a 
two-step  process  was  proposed  according  to  which  the  interface  states  are  generated  when  the  trapped  holes  are 
neutralized  by  injected  electrons  191.  At  low  temperatures  the  generation  of  interface  states  in  MOS-capacitors 
was  shown  to  have  a  different  behaviour /10/.  The  experiments  were  generally  divided  in  two  categories.  In  the 
first  group  of  experiments  the  electrons  which  pass  through  the  SiC>2  interface  are  able  to  immediately  generate 
interface  states  at  low  temperature.  This  is  consistent  with  the  observed  interface  state  generation  under 
conditions  of  hot  electron  injection  reported  above.  The  efficiency  of  this  generation  mechanism  is,  however, 
very  low.  In  the  second  type  of  experiments  positive  charge  trapped  in  interfacial  hole  traps  less  than  2  nm  from 
the  Si/Si02  interface  acts  as  a  precursor  for  the  interface  states  while  positive  charge  trapped  in  hole  traps  further 
away  from  this  interface  (near-interfacial  sites  between  2  and  7  nm)  can  be  neutralized  at  low  temperature 
without  generating  interface  states  / 1 1/.  Holes  are  first  trapped  in  the  near-interfacial  sites,  and  then  converted  to 
interfacial  trapped  holes  by  thermal  energy  or  the  application  of  high  fields.  In  the  two-step  experiments  on 
transistor  structures,  reported  above,  it  was  demonstrated  that  under  conditions  which  favor  hole  injection, 
interface  states  are  directly  formed  at  the  low  temperature  at  a  very  high  rate.  These  results  suggest  that  under  the 
experimental  conditions  used  in  these  transistor  experiments  the  interfacial  hole  traps  are  readily  filled  and 
neutralized  during  the  stress,  thereby  generating  interface  states.  This  mechanism  seems  to  be  in  operation  both 
at  300  K  and  75  K. 

The  fact  that  no  two-step  mechanism  was  evidenced  in  the  transistor  experiments  could  result  either  from  the 
different  field  conditions  during  injection  or  from  the  fact  that  the  stress  conditions  employed  in  the  two-step 
process  do  not  fully  reflect  the  predicted  injections  (and  that  e.g.  sufficient  electrons  are  available  for  the  two- 
step  process  to  occur  unnoticed).  The  fact  that  no  interface  states  are  generated  when  the  positive  charge 
generated  during  hole  injection  is  neutralized  by  a  subsequent  electron  injection  suggests  that  the  positive  charge 
which  is  left  after  a  hot  carrier  stress  under  conditions  of  hot  hole  injection  is  either  located  in  the  hole  traps 
further  than  2  nm  away  from  the  Si/SiC>2  interface  or  in  re-structured  interfacial  hole  traps.  The  latter  suggestion 
is  consistent  with  earlier  findings  demonstrating  that  the  trapping  of  a  hole  and  the  generation  of  an  interface 
state  is  an  irreversible  process  causing  permanent  damage  in  the  oxide  and  making  the  initial  hole  trap  active  as  a 
slow  state  / 12/.  These  slow  states  can  be  charged  and  discharged  without  generating  fast  interface  states. 
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TABLE  lrlnterface  state  generation  during  a  two-step  stress  at  75  K. 


Sample 

No 

Device  (NMOS;Leff=4.8pm;W=20|im) 
condition  before  stress 

Hot  carrier  stress 
at  75K  for  1,000s 

ADit 

(cm'2.eV'l) 

1 

Virgin 

VG=8V;Vd=8V 

2.2  108 

2 

Virgin 

VG=1V;Vd=8V 

4.4  109 

3 

Pre-stressed  with  Vg=1V;Vd=8V  for  1,000  s 

VG=8V;VD=8V 

3.0  109 

4 

Pre-stressed  with  Vg=8V;Vd=8V  for  1,000  s 

VG=1V;Vd=8V 

5.0  109 

-10 

cm 

11 

—  in  -i 

> 

<D 

(N 

i 

s 

5 

< 


-i — . — , — . — | — . — i — . — r 

-8  -7  -6  -5  -4  -3  -2  -1 

Base  Level  [V] 

FIG.l:  Charge  pumping  current  versus  base  level 
voltage  before  and  after  an  hot  carrier  stress  at 
150IC  Device:Leff=2.8pm;W=20pm.  Stress:VG=4V; 
Vd=8V  for  20,000  s.  — — :  virgin  at  300K,  — •— : 
virgin  at  150K,  — n — :  after  stress  at  150K,  — ° — : 
after  warming  to  300K. 


10J 
Time  [sec] 

FIG.2(a):  Increase  in  interface  state  density  as  a 
function  of  stressing  time  during  hot  carrier 
degradation  at  various  temperatures.  Device: 
Leff=2.8(im;W=20pm.  Stress:VG=4V;VD=8V. 
Straight  lines  are  fittings. 


11 


FIG.2(b):  Increase  in  interface  state  density  per  unit  FIG.3:  Stressing  gate  voltage  dependence  of 
avalanche  multiplication  at  various  temperatures.  interface  state  generation.  Stress:vD=8V;time 
Stress  conditions  as  mentioned  in  FIG.2(a).  10,000  s.  D:Device(Leff=2.8(im;  W=20pm)  at 

300K.  ■:Device(Leff=4.8pm  ;W=20pm)  at  75K. 
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TWO-DIMENSIONAL  COMPUTER  SIMULATION  OF  HOT  CARRIER  DEGRADATION  IN  N.MOSFETs 


M.  GARRIGUES,  A.  ALEXANDRE,  P.  ROJO,  T.  PEDRON* ,  K.  BELHADDAD*  and 
A.  PONCET* 

Laboratoire  d'Electrontcpie .  Automatique  et  Mesures  Electriques . 
CNRS-UA  848.  Ecole  Centrale  de  Lyon,  BP  163,  F -69131  Ecully  Cedex. 
France 

* CNET ,  Centre  Norbert  Segard,  BP  98.  F -38243  Mey lan  Cedex,  France 


Bfaiai  :  On  prdsente  un  simulateur  bidimensionnel  qui  permet  de  calculer  les  distributions  spa- 
tiales  des  courants  d' emission  de  trous  chauds  et  d 'electrons  chauds  le  lone  de  1 'interface 
Si-SiOa  d'un  transistor  MOS.  Les  simulations  sont  compardes  aux  degradations  experimentales  pour 
un  transistor  a  canal  n  et  differentes  conditions  de  contrainte.  On  montre  que  les  effets  de 
1  'injection  de  trous  sont  seulement  importants  i  faible  tension  de  grille  et  que  la  correlation 
connue  entre  la  degradation  et  le  courant  de  subs t rat  peut  Stre  attribute  uniquement  aux  electrons 
chauds. 

Abstract  :  This  paper  presents  a  two-dimensional  hot-carrier  simulator  which  calculates  the  spa¬ 
tial  distribution  of  hot  electron  and  hot  hole  emission  currents  along  the  Si-SiOa  interface  of  a 
MOS  transistor.  The  simulation  are  compared  to  experimental  hot-carrier  degradations  for  a 
n-charmel  transistor  and  different  stress  bias  conditions.  It  is  shown  that  hole  injection  effects 
are  only  dominant  at  low  gate  voltages  and  that  the  usual  correlation  between  degradation  and 
substrate  current  may  be  attributed  only  to  hot  electrons. 

i.  ummucnai 


Considering  the  extreme  localization  of  the  hot  carrier  degradations  in  MQSFET’s,  its  tight  dependance 
on  stress  bias  conditions  and  technological  parameters  and  its  complex  relation  with  both  types  of 
carriers,  it  is  obvious  that  significant  progress  can  only  be  gained  now  by  a  two-dimensional  (2-D) 
simulation  of  hot  carrier  current  densities  for  both  electrons  and  holes  as  first  demonstrated  in  [ 1 ] . 

In  this  paper,  we  present  INJECT,  a  2D  specialized  hot-carrier  post-processor,  connected  to  the  pre¬ 
viously  reported  2D  device  simulator  JUPIN  developed  in  CNET-CNS  [2].  An  important  feature  of  INJECT  is 
that  it  includes  a  comprehensive  model  for  hole  heating  and  injection  based  on  our  previous  study  of 
uniform  hot-hole  injection  [3J. 


2.  SIMULATION  NOBEL 

INJECT  operates  on  the  basic  solution  including  ionization  given  by  the  device  simulator  JUPIN  and 
composed  of  the  2D  distributions  of  potential,  electric  field,  current  and  carrier  densities. 

The  model  is  based  on  a  three  step  emission  process  similar  to  that  proposed  in  [A]  (Fig.  1)  : 


Step  (1) 
Step  (2) 
Step  (3) 


Carrier  heating  along  the 
current  lines  by  a  "lucky- 
carrier”  process. 
Redirection  toward  the 
interface  after  an  elastic 
scattering  at  point  (x,y). 
Free  ballistic  path  from 
the  scattering  point  to 
the  interface. 


Figure  1  :  Schematic  of  the  three  step  model 
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In  step  (1),  the  current  density  of  hot  carriers  with  an  energy  between  E  and  E+dE  at  the  scattering 
point  (x,y)  is  calculated  as  : 

-  ’<*•  '“'-Sr'isras 

-  s(E)  is  the  distance  along  the  current  line  the  carrier  must  travel  to  gain  the  energy  E, 

-  mfpl  is  the  optical  phonon  scattering  mean  free  path  of  the  carrier  (electron  or  hole), 

-  ea(s)  is  the  electrical  field  component  along  the  current  line  at  abcissa  s(E), 

-  J(s)  is  the  electron  or  hole  density  at  abcissa  s(E). 

For  step  (2) .  we  assume  that  the  probability  of  an  elastic  scattering  event  is  ds/mfp2  on  a  path  ds. 
We  note  Pa(E,Eo)  the  probability  of  a  carrier  scattered  at  energy  E  to  have  its  component  of  energy 
directed  to  the  interface  greater  than  Eo. 

For  step  (3),  the  probability  of  a  free  ballistic  path  from  the  scattering  point  (x,y)  to  the  inter¬ 
face  is  taken  as  Pj(y)  -  exp[-y/mfp3] . 

Finally,  the  current  density  of  hot  carriers  with  a  perpendicular  component  of  their  kinetic  energy 
greater  than  Eo  at  the  interface  is  expressed  as  : 


Jh(x,Eo)  -  j  [  j  dJa(x,y,E)  P2(E,Eo)  ]  P»(x) 
y  Eo 

The  values  of  the  mean  free  path  used  in  the  model  are  [3], [4], [5)  : 

mfpl  -  mfp3  =  95  A,  mfp2  “  600  A  for  electrons  ;  mfpl  =  mfp3  -  45  A,  mfp2  =  600  A  for  holes. 

Jt,(x,Eo)  is  the  hot  carrier  current  density  hitting  the  interface  but  not  necessarily  collected  by  the 
gate  depending  on  the  local  value  of  the  vertical  electric  field.  The  "external"  gate  current  [Ioln.p 
for  each  type  of  carrier  is  calculated  by  integrating  Jh(x,Eo)  along  the  interface  for  Eo  equal  to  the 
local  Si-SiOa  energy  barrier  corrected  for  Schottky  effect  and  for  locations  x  where  the  vertical 
electric  field  has  the  correct  sign  for  carrier  collection  (the  energy-barrier  values  we  used  are  : 
*  3,2  eV  for  e“  ;  «  3.8  eV  for  IT). 

3.  simulation  results 

Simulations  and  experimental  measurements  have  been  compared  for  a  typical  n-channel  transistor  made 
in  CNET-CNS  using  a  conventional  PolySi-gate  CMOS  process.  The  effective  channel  length,  width  and  gate 
oxide  thickness  are  respectively  :  L**,  «  1.3  J*n  ;  W  -  50  van  ;  tax  ”  25  rm.  The  device  description  data 
for  JUPIN  are  directly  fed  by  the  2D  process  simulator  TITAN. 


External  gate  current 


Figure  2  shows  the  result  of  the  simulation  for  the 
external  gate  current  IQ  as  a  function  of  the  gate 
voltage.  A  satisfactory  fit  with  experimental  measu¬ 
rements  is  found  in  the  region  of  maximal  electron 
gate  current  (V**  *  Vo*).  However  the  simulation  give 
a  too  fast  "drop  down"  of  I0  as  Vo*  decreases.  It  was 
impossible  to  make  such  comparison  for  the  hole 
external  gate  current  which  is  predicted  by  the 
simulator  at  low  gate  voltage,  since  the  current  is 
to  much  low  and  probably  entirely  trapped  in  the 
oxyde. 


Figure  2  :  Comparison  between  simulated  (stars)  and 
measured  (solid  line)  values  of  the 
external  gate  current  as  a  function  of 
gate  voltage  Vo* ,  for  Vom  *  7  Volts. 
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Hot-carrier  distribution 


We  have  simulated  the  hot  electron  and  hole  current  densities  J*„(x,E„)  and  Jh»(x,E»)  for  E„  =  3.2  eV 
and  Ep  -  3.8  eV  (approximate  threshold  energies  for  injection  into  the  oxide),  in  the  case  of  three 
typical  stress  conditions  (Pig.3.a.b.c)  : 

(a)  V»  -  7  V,  V„  »  7  V,  (b)  V^.  =  7  V,  VM  -  3.5  V,  (c)  Vp.  =  7  V,  VM  -  2  V 


We  notice  that  the  hot  electron  distribution 
peak  is  always  located  above  the  drain,  within 
0.1  um  from  the  junction  while  the  hot  hole  peak 
is  located  above  the  channel  (also  within  0,1  pm 
from  the  Junction)  due  to  the  distance  from  the 
neutral  drain  for  hole  heating  ("dead  zone"). 


Figure  3  :  Simulation  results  for  the  hot 
carrier  injected  density  J*(x,Eo) 
for  electrons  and  holes  and  three 
different  bias  conditions,  noted  on 
the  figures.  For  Vo*  “  Vo*  -  7  V, 
there  is  no  significant  hole 
injection. 
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The  peak  values  of  the  hot  hole  and  hot  electron  distribution  are  listed  in  the  table  below  together 
with  the  simulated  substrate  current. 


Gate  voltage  Vo. 

2  Volts 

3,5  Volts 

7  Volts 

Maximum  hot  electron 
current  density 

1.7  10-*  A/cm3 

1.2  10-*  A/cm3 

1.5  10-*  A/cm3 

Maximo  hot  hole 
current  density 

9.5  10-‘*  A/cm3 

8.5  10-*»  A/cm9 

3.2  10-“  A/cm3 

lain 

-  121  UA 

-  265  pA 

45  pA 

The  most  noticeable  result  is  the  very  strong  increase  of  the  hot  hole  density  as  Vo.  decreases. 
Particularly  the  maximum  value  obtained  at  Vo»  •  2  V  while  the  substrate  current  is  two  time  lower  than 
at  V„.  ”  3.5  V  is  surprising.  Our  explanation  is  that  the  effect  of  the  enhancement  of  the  maximum 
lateral  electric  field  Eh  strongly  overcoopensates  the  decrease  of  the  channel  current. 

If  we  consider  hot  electrons,  it  can  be  noticed  that  their  flux  is  maxinun  at  VM  -  3.5  volts  (trfille 
la  is  negligible  due  to  the  distribution  of  the  vertical  electric  field). 
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4.  CQgARISOH  WITH  EFFECTIVE  EBGKAE&TIOKS 

Transistors  have  been  stressed  for  the  simulated  DC  bias  conditions  during  10*  seconds.  The  following 
parameters  were  used  to  characterize  the  degradations  :  V„,  the  gate  voltage  that  gives  a  drain  cur¬ 
rent  of  50  uA  at  VM  -  0.5  V  ;  g*,,  maximum  transconductance  at  VM  -  0.5  V  ;  IBom  substrate  current. 

The  corresponding  degradations  are  listed  in  the  table  below  : 


Vam 

2  V 

3.5  V 

7  V 

Initial 

stress 

AV„ 

-  5  10"1 2 * 4 * 6  V 

+  3  10-2  V 

+  1.5  10-2  V 

Ag^/gMC 

+  2  10-2 

-  6  10-2 

-  4  10-2 

Alstm/Isira 

-  8  10-2 

-  5  10-2 

+  5  10-2 

The  results  of  the  first  stress  show  a  "regular"  behaviour  of  the  device  submitted  to  DC  stress  : 
maximum  degradation  at  maximum  substrate  current,  evidence  for  electron  trapping  at  Vo.  «  7  V  and  for 
hole  trapping  at  VM  =  2  V. 

A  second  stress  was  performed  to  "reveal"  trapped  holes  by  injecting  only  electrons  at  V^,  =  Vam  =  7  V 
during  7  hours,  just  after  the  initial  stress  at  VM  ■  2  V  (conditions  of  enhanced  aging  as  described 
in  [6]  or  t7]).  It  clearly  reveals  that  at  VM  =  2  V,  an  appreciable  amount  of  positive  charges  was 
trapped  which  were  neutralized  by  the  subsequent  electron  injection  (AV™  =  +  8  10-2  V,  Ag.,/gllo  = 
-  5  10-a,  Alaus/Inun  “  +  4  lO'2). 

Discussion  ; 

i)  Considering  the  relative  values  of  stimulated  emission  currents  in  the  three  bias  conditions,  hole 
emission  can  be  made  responsible  of  appreciable  degradations  only  at  low  gate  voltage  ; 

ii)  It  implies  that  the  stronger  degradation  observed  at  VM  =  Vn«/2  is  not  due  to  the  effect  of  com¬ 
bined  electrons  and  holes  as  sometimes  stated  but,  in  fact,  to  hot  electrons  alone  whose  flux  is  found 
to  be  correlated  to  substrate  ionization  current  (as  shown  analytically  in  [4])  ; 

iii)  The  result  of  sequential  hole-electron  injection,  together  with  the  relatively  high  hole  injec¬ 
tion  current  support  the  hypothesis  of  predominant  hot  hole  induced  defects  at  low  V„. 

We  can  further  notice  that  there  is  not  a  direct  correlation  between  numerical  hot  electron  densities 
and  corresponding  degradations.  We  think  that  in  the  case  of  a  vertical  field  repelling  electrons  (as 
for  Vam  “  3,5  V),  it  would  be  necessary  to  take  also  into  account  the  penetration  distance  of  the  elec¬ 
trons  into  the  oxide  (as  in  (1]). 

Concerning  the  simulated  hot  hole  emission  currents,  it  appears  that  the  computed  values  are  numeri¬ 
cally  too  much  low  :  assuming  a  maximal  one  to  one  correlation  between  hot  holes  and  trapped  charges 
(revealed  after  hot  electron  injection),  the  hot  hole  current  density  must  be  about  100  times  the 
simulated  value.  This  result  can  be  corrected  by  adjusting  the  mean  free  path  mfpl  for  holes  to  a 
sllghly  higher  value,  about  50  ♦  55  A. 

5.  COWCLUSIOW 

We  have  described  a  fully  functional  hot  carrier  simulator  vhich  bring  new  and  useful  informations  for 
the  understanding  of  MSS  transistors  degradation  under  bias  stresses.  Our  results  indicate  that  hot 
hole  emission  can  only  induce  significant  degradations  at  gate  voltages  near  threshold.  Hot  electrons 
would  be  fully  responsible  of  aging  at  higher  gate  voltages. 

However,  quantitative  predictions,  although  promising,  are  only  in  infancy,  due  to  remaining  igno¬ 
rances  of  the  defect  creation  processes. 

A**WMJO)GHmia  s  This  uork  w is  partially  supported  by  "Groupement  Circuits  Intdgris  Silicium". 
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SPICE  MODEL  FOR  TRANSIENT  ANALYSIS  OF  EEPROM  CELLS 

R.  BEZ,  D.  CANTARELLI,  P.  CAPPELLETTI  and  F.  MAGGIONI 

SGS-Thomson  Microelectronics ,  Via  C.  Olivetti  2,  Rgcate  hrianza  (Ml), 
Italy 


Abstract.  An  equivalent  model  for  the  EEPROM  cell,  described  on  a  SPICE  circuit  anolyzer, 
is  used  for  the  transient  analysis  of  erase(E)/write(W)  characteristics  with  romp  waveform 
programming  pulses.  The  results  of  the  simulation  are  compared  with  the  crpcrhncntal  data 
obtained  by  an  innovative  method  for  measuring  E/W  curves.  The  validation  of  the  model  is 
made  over  different  variations  of  the  cell  lay-out,  different  programming  voltages  and  different 
rise  times  for  the  ramp  of  the  programming  pulse. 

1  Introduction 

The  two  transistors  FLOTOX  cell  (Fig.  1  A)  is  the  most  widely  used  among  the  memory  devices  proposed 
for  Electrically  Erasable  Read  Only  Memories  (EEPROM).  The  first  analytical  model  for  this  type  of 
EEPROM  cell  has  been  proposed  by  Bhattacharyya  in  1984  [l] .  A  more  detailed  circuit  model  has  been 
implemented  by  Kolodny  et  al.(2]  in  order  to  simulate  the  shift  of  the  cell  threshold  voltage  after  step 
programming  pulses. 


profrtmmiftg  tirra 

Figure  1.  A:  two  transistors  FLOTOX  cell  scheme. 

0:  a  typical  ramp  waveform  programming  pulse.  Vpp (<)  is  the  complete  pulse;  Vy (t)  is  the  Vpp(t)  stopped  at  t  -  tr 
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In  actual  device  operation  the  cell  is  programmed  with  a  ramp  waveform  pulse  in  order  to  minimize  the 
tunnel  current  (the  peak  value  of  programming  current  is  known  to  he  proportional  to  the  ramp  speed): 
in  this  case  the  threshold  shift  is  a  function  of  both  the  ramp  rise  time  and  the  pulse  width  for  a  fixed 
pulse  amplitude.  Therefore  an  accurate  simulation  of  the  transient  behavior  (i.e.  threshold  shift  i\«.  time) 
of  the  cell  during  the  programming  cycle  is  desirable. 

In  this  work  an  equivalent  model  for  transient  analysis  of  REPROM  cell  is  proposed.  The  model  is  described 
in  term  of  SPICE  [3]  components  in  order  to  utilize  a  well  proven  MOSFET  capacitance  model.  A  further 
advantage  in  using  SPICE  is  the  linkability  of  the  cell  model  to  other  circuital  blocks  for  global  simulation. 
An  innovative  experimental  method,  able  to  measure  transient  E/W  characteristics,  is  used  for  validating 
and  optimizing  the  model. 

2  Experimental 

E/W  curves  are  defined  as  threshold  voltage  us.  time,  where,  for  operative  reasons,  the  threshold  voltage 
(^exs)  is  defined  as  the  control-gate  voltage  measured  at  fixed  drain  current  (Id  —  10/rA  with  l'n  2V 
and  Vs  =  Vg  =  OV).  Erasing  (writing)  is  defined  as  the  programming  operation,  which  sets  the  negative 
(positive)  charge  state  on  the  floating-gate,  i.e.  the  high  (low)  threshold  voltage  condition. 

E/W  curves  are  measured  for  programming  pulses  Vpp(<)  with  a  ramp  waveform  (Fig.  IB).  A  block-scheme 
of  the  experimental  setup  is  shown  in  figure  2.4.  The  programming  pulses  are  generated  by  an  HP  8I60A 
programmable  pulse  generator.  The  threshold  detector  is  a  current-voltage  converter,  which  forces  on  the 
control-gate  the  voltage  needed  to  sustain  a  10/rA  drain  current;  this  ad  hoc  designed  circuit  allows  a 
faster  measurement  of  the  threshold  voltage,  which  is  measured  bv  a  Keilhlcy  I9S  DMM  voltmeter.  All 
instruments  are  controlled  by  an  HP  300  computet. 


Figure  2.  A:  block-scheme  of  experimental  setup. 

B:  SPICE  equivalent  model  for  the  FLOTOX  cell.  Element  description:  MSEN-sensing  transistor;  MSF.b  select 
transistor;  CPP=CG-FG  capacitance;  CX  =  FG-X  capacitance  (X=D,S  and  B);  VY  =  voltage  source  (Y  OG, SG.lt 
and  B);  VSI  =voltage  source  simulating  voltage  drop  in  silicon;  DFN-Fowler-Nordheim  diode;  TC/=tunnel  rurrent 
integrator.  Node  description:  l=sensing  transistor  drain;  2=FG;  3=CG;  4  =  B;  5=D;  6=SG;  7=S;  8  =  silicon  surface 
underneath  tunnel  oxide;  9,10=unreal  nodes  added  for  simulation  purposes. 

In  order  to  clarify  how  the  E/W  characteristics  are  obtained  let  us  refer  to  the  writing  curve.  The  pro¬ 
gramming  pulse  timebase  is  divided  into  N  time  steps  =  <pp.  After  cycling  the  cell  few  lens  of 
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times  in  order  to  stabilize  the  threshold  shift,  N  values  of  the  threshold  voltage  (V’ooy)  are  measured  after 
stopping  the  writing  pulse  at  each  time  step;  before  each  Vy(t)  writing  pulse,  complete  (i.r  lpp(t))  K/\V 
pulses  are  applied  to  reset  the  cell  to  the  initial  erased  state.  The  writing  curve  is  obtained  by  plotting  the 
N  values  Vj^..  =  V’aj(tj)  vs-  *he  programming  time. 


3  Simulation 

The  equivalent  circuit  shown  in  figure  2 B  is  described  in  terms  of  SPICE  components  to  simulate  the 
EEPROM  cell;  the  description  of  each  component  of  the  circuit  is  made  in  the  figure  caption.  The  “tunnel 
diode”  (DFN)  model  can  be  easily  introduced  in  SPICE  using  the  well  known  Fowler-Nordheim  ( F N > 
equation  [4]:  external  parameters  are  the  pre-exponential  and  the  exponential  constants  (usually  railed 
A  and  B),  the  tunnel  oxide  thickness  and  the  tunnel  oxide  area.  The  Ward -Dutton  [5]  charge  model  is 
used  for  simulating  the  gate-to-channel  capacitance  of  the  sensing  transistor.  A  voltage  source  (VSl)  is 
introduced  to  take  into  account  the  voltage  drop  in  the  n4  depleted  region  underneath  the  tunnel  oxide 
during  the  writing  cycle.  A  Tunnel  Current  Integrator  TCI  is  added  to  the  circuit  to  determine  at  the 
node  10  a  voltage  value  equivalent  to  the  threshold  shift. 

The  DFN  parameters  are  fixed,  using  theoretical  values  for  A  and  B  (A  =  1 .67 >  10  6AV  J,  B  224MVcmi  ') 
and  the  measured  ones  for  the  tunnel  oxide  thickness  and  area.  The  capacitance  values  are  chosen  as  fitting 
parameters  of  the  model,  because  they  ran  hardly  be  determined  from  experimental  data.  Anyway  the 
fitting  values  are  within  a  15%  variation  from  the  lay-out  capacitances. 

In  order  to  compare  simulations  and  experimental  data  is  useful  to  put  an  initial  condition  on  node  10  to 
obtain  the  threshold  voltage  instead  of  the  threshold  shift.  Moreover  an  initial  condition  can  be  put  also 
on  node  2  to  simulate  the  charge  on  the  floating-gate  due  to  a  programmed  state. 


Figure  3.  Comparison  between  simulated  (solid  line)  and  measured  (symbols)  E/W  characteristics  (i.e.  threshold 
voltage  FJq  vs.  time  t)  of  the  standard  cell  (SC).  A :  the  ramp  waveform  programming  pulse  V'pp(t)  is  used  with 
the  same  <rj,«  (<„•«  -  300ps)  and  the  same  tpp  (<pp=  1  ms)  but  with  different  !pp  (A:  I  pp  -  16V;  B  Ipp  -15V;  C 
Vpp  =  14V).  8:  the  Vpp(t)  is  used  with  the  same  Vpp  (VPP=15V)  and  the  same  fpp  (<pp  =  5ms)  but  with  different  tn„ 
(A-  tfisc  —  15/iS,  B.  biie  —  150ps,  0.  hilt  —  I  .Sins ) . 
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4  Discussion 

First  the  analysis  are  centralized  on  a  standard  cell  (SC)  operating  with  V'pp  at  different  values  with  the  same 
<ri,e  (Fig.  3.4):  a  good  agreement  (an  error  of  3%  in  the  worst  case)  between  simulation  and  experiment al 
data  is  found  for  the  complete  E/W  curve  and  in  particular  for  the  final  threshold  shift. 

Secondly,  the  model  is  validated  on  different  cells,  each  of  one  having  a  single  lay-out  variation  with 
respect  to  the  SC,  e.g.  the  tunnel  oxide  area  or  the  active  area  are  increased;  modifying  only  those  physical 
parameters  in  the  SPICE  EEPROM  model  that  are  interested  in  the  lay-out  variation,  the  experimental 
data  are  again  fitted  with  a  good  accuracy  (Fig.  4). 

Finally  different  tT-,„  and  different  tpp  with  the  same  Vpp  arq  considered,  operating  on  the  SC.  In  this  case 
the  same  fitting  parameters  are  not  able  to  give  an  acceptable  fitting,  if  trj.e  and/or  <pp  are  changed  over 
wide  ranges  (Fig.  38).  These  discrepancies  are  attributed  to  the  inaccuracy  of  the  theoretical  FN  equation 
to  model  the  actual  tunnel  current,  which  is  known  to  deviate  from  the  FN  equation  at  high  electric  fields 
[6,7).  In  conclusion: 

1.  the  SPICE  EEPROM  model  is  able  to  simulate  correctly  the  transient  behavior  of  the  cell  (and 
indeed  the  physical  E/W  mechanism),  but  using  fitting  parameters; 

2.  the  parameters,  found  by  fitting,  are  able  to  take  into  account  cell  lay-out  variation  and/or  different 
V^,p  values,  but  they  are  not  for  different  ramp  speed; 

3.  to  obtain  a  self  consistent  EEPROM  model,  able  to  simulate  any  programming  condition,  the  exact 
form  of  the  tunnel  current  in  the  high  electric  field  range  or,  at  least,  different  experimental  A  and  B  values 
for  different  electric  field  ranges,  should  be  used  in  the  DFN  model. 
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Figure  4.  Comparison  between  simulated  (solid  line)  and  measured  (symbols)  E/W  characteristics  (t'pp  =  15V,  fri««  = 
300/is  and  tpp=lms)  of  different  cells,  having  a  single  lay-out  variation  with  respect  to  the  SC.  A:  tunnel  oxide  area 
increased  by  40%;  8:  active  area  increased  by  7%. 
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CAD  MOSFET  MODEL  FOR  EPROM  CELLS 


N.  BALLAY  and  B.  BAYLAC 

SGS~Thomson  Microelectronics,  Central  R&D/CIS/TDMC,  BP  217, 
F -38019  Grenoble  Cedex,  France 


Resume  -  Un  modele  CAO  de  transistor  MOS  pour  la  simulation  electrique  d’une  cellule 
EPROM  en  mode  d'ecriture  est  propose.  Ce  modele  est  aussi  proche  que  possible  de  la 
physique  pour  permettre  au  concepteur  1 'evaluation  de  plusieurs  schemas  et  variantes 
de  procede.  II  est  valable  en  mode  de  claquage  et  prend  en  compte  It  courant  de  grille 
induit  par  les  electrons  chauds. 

Abstract  -  A  CAD  model  of  MOS  transistor  suitable  for  circuit  simulation  of  an  EPROM 
cell  during  writing  cycle  is  proposed.  This  model  is  as  close  as  possible  of  physics 
to  allow  the  designer  to  evaluate  different  schemes  and  changes  in  the  process 
variables.  It  is  reliable  in  the  breakdown  mode  too  and  takes  into  account  the  gate 
current  induced  by  channel  hot  electrons. 


INTRODUCTION 


This  present  CAD  model  of  MOS  transistor,  including  gate  current  calculation  and  reliable 
even  in  the  breakdown  mode,  should  be  well  suited  to  simulate  EPROM  cells  during  writing 
cycle  when  implemented  into  a  SPICE-like  program.  Such  numerical  simulator  for  3D  devices, 
including  snap-back,  gate  current  and  transient  should  not  be  available  in  the  near  future. 
The  assumed  equivalent  scheme  described  in  chapter  1  includes  both  MOS  and  intrinsic  bipolar 
transistors  and  serie  resistors.  The  sensitivities  of  snap-back  voltage  versus  different 
electrical  parameters  are  reported  in  chapter  2.  Its  impact  on  the  gate  current  model  based 
on  the  well  known  Lucky  Electron  model  /l/  is  then  developped  in  chapter  3.  First  simulation 
results,  concerning  the  programming  time  of  an  EPROM  cell  are  finally  given. 

1  -  EQUIVALENT  ELECTRICAL  SCHEME 

The  device  used  in  the  EPROM  cell  is  an  MOS  transistor  whose  floating  gate  potential  is 
induced  by  coupling  between  control  gate,  source  and  drain.  We  now  only  consider  the  internal 
MOS  device  whose  gate  is  the  floating  one.  This  device  can't  be  described  by  a  conventionnal 
MOSFET  model  because  it  is  operating  in  or  near  snap-back  regime.  When  an  N-channel  MOSFET 
is  operating  in  saturation  region,  the  electric  field  near  the  drain  junction  can  be  large 
enough  to  cause  Impact  ionization.  The  generated  electrons  are  then  swept  into  the  drain, 
while  the  holes  move  into  the  substrate.  This  excess  substrate  current  develops  a  significant 
voltage  drop  across  the  substrate  resistance,  and  biases  the  source  to  bulk  junction  in  the 
forward  direction.  Then,  the  channel  current  or  the  avalanche  multiplication  seed  current 
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increases,  causing  significant  positive  feedback  leading  to  snap-back.  Moreover,  as  some 
of  the  er.  itted  electrons  can  be  collected  by  the  drain,  this  positive  feedback  is  enhanced 
by  the  gain  of  the  lateral  parasitic  bipolar  transistor  Z2/3/4/5/ . 


That  is  why  our  electrical  equivalent  scheme  must  include  an  MOS  transistor,  a  bipolar  one 
and  a  substrate  serie  resistance.  It  is  also  clear  that  source  and  drain  resistances  must 
also  be  included  as  they  act  like  a  negative  feedback  on  the  contrary.  The  ionization  current 
induces  the  breakdown  mode  and  is  so  the  main  phenomenon  governing  breakdown.  It  is  consi¬ 
dered  in  our  model  like  a  current  source  related  to  the  current  flowing  in  the  MOS  and 
bipolar  transistors  and  the  electric  field.  The  whole  circuit  is  shown  in  figure  1. 
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Fig.  1  -Equivalent  electric  scheme  of  EPROM  device. 

2  -  SNAP-BACK  PREDICTION 

We  now  present  some  results  who  give  an  idea  of  the  ability  of  the  program  to  fit  the 
reality.  Note  that  the  algorithm  used  to  solve  the  system  of  equations  is  a  specific  one 
based  upon  Marquartd's  work  /6 /  which  has  been  modify  to  fit  our  problem. 

The  geometry  of  the  device  plays  a  predominent  role  as,  when  the  channel  length  is  decrea¬ 
sing  : 

i)  the  substrate  current  is  increasing 

ii)  the  effective  substrate  resistance  is  higher 

iii)  the  gain  of  the  parasitic  BJT  is  increasing 

The  channel  width  also  modifies  the  breakdown  characteristics  through  the  isolation  implant 
acting  as  a  shunting  resistor  which  is  no  more  negligible  when  the  width  is  small .  The  ratio 
of  the  substrate  and  channel  doping  levels  also  plays  an  important  role  on  the  breakdown 
as  the  ohmic  drop  across  this  resistor  is  applied  either  between  drain  and  source  (best  case) 
or  between  source  and  substrate  (worst  case). 
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Figure  2  gives  an  idea  of  the  agreement  between  theory  and  experiment,  achieved  for  a  whole 
set  of  geometries  with  the  same  parameters.  On  a  long  and  wide  MOST  one  should  see  larger 
breakdown  voltage  and  current  only  flowing  between  drain  and  bulk. 


-  Dotted  line  :  Experiment 

-  Continuous  line  :  Theory 


Fig.  2  -  Comparison  of  theory  and  experiment  for  the  drain  current  of  a  short  channel  MOST. 

3  -  GATE  CURRENT  MODELLING 

The  probability  of  a  carrier  to  jump  the  oxide  potential  barrier  is  the  product  of  a  first 
probability  to  gain  sufficient  energy  (more  than  3.2  eV  for  an  electron)  and  of  a  second  one 

to  be  able  to  reach  the  gate  electrode  without  any  collision. 

Avalg  =  AG*  EXP  ( -Phi b/ ( q*Ex*l ) )  *  EXP  (-xO/lox) 

-  1  =  mean  free  path  without  any  collision  in  Si 

-  Phib  =  potential  barrier  to  jump 

The  potential  barrier  may  be  less  than  3.2  eV  if  the  electric  field  in  the  oxide  is  high 
because  of  the  image  force  lowering  or  Schottky  effect  111 . 

-  xO  =  SQRT  (q/(16*PI*Epsox*Eox))  bounded  by  hox  (oxide  thickness). 

-  lox  =  mean  free  path  without  any  collision  in  Si02. 

Interaction  with  snap-back  is  taken  into  account  through  the  electric  field  Ex  depending 
on  the  current  density. 

The  overall  probability  of  injection  must  now  be  calculated  everywhere  in  the  channel.  If 
the  hotest  electron  are  indeed  located  at  the  drain  because  of  maximum  longitudinal  electric 
field,  these  electrons  might  never  be  collected  by  the  gate  (in  the  case  of  VGD<  0).  That 
means  that  the  first  probability  to  gain  enough  energy  is  increasing  when  the  electron  goes 
in  the  direction  of  the  drain,  but  the  second  one  is  decreasing  in  the  same  time  when  VGD 
is  negative.  The  location  of  the  maximum  injection  point  and  the  values  of  the  two  probabi¬ 
lities  at  this  point  are  very  difficult  to  get  analytically.  That  Is  why,  in  our  model,  we 
perform  a  numerical  Integration  of  the  local  Injection  probability  along  the  channel  to  get 
the  overall  gate  current. 


L 
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On  figure  3  is  a  comparison  of  theory  and  experiment  for  the  gate  current  of  a  device  with 
W/l  =  1.7/1. 5.  The  experimental  current  has  been  measured  through  post-processing  of  the 
time  dependent  threshold  voltage  of  a  floating  gate  transistor. 


-Dotted  lines:  Experiment 
-  Continuous  line  :  Theory 


Fig.  3  -  Comparison  of  theory  and  experiment  for  the  gate  current  of  the  memory  cell  MOST 
(1.7/1. 6) 

4  -  CONCLUSION 

We  developped  a  MOSFET  model  devoted  to  EPROM  writing  simulations.  This  model  includes  : 

-  substrate  current 

-  snap-back  (bipolar  action) 

-  gate  current 

The  results  we  get  are  very  promising  when  compared  to  experiment.  The  major  difficulties 
and  uncertainties  are  : 

-  evaluation  of  the  effective  substrate  resistance 

-  second  breakdown  behaviour 

-  (hole)  gate  injection  in  snap-back  mode 

Transient  simulations  have  already  been  done  (see  figure  4)  but  the  introduction  into  a 
SPICE  like  simulator  would  be  useful  to  carry  on  accurate  simulations  of  the  whole  EPROM 
cell,  including  the  load  line. 
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-  Dotted  line  :  Experiment 

-  Continuous  line  :  Theory 
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Fig.  4  -  Threshold  voltage  versus  programming  time  for  an  EPROM  cell. 


REFERENCES 


/!/  T.H.  Ning,  C.M.  Osburn,  H.N.  Yu,  Appl.  Phys.  Let.,  Vol .  43,  1977 

III  T.  Tobaye,  K.  Yamaguchi,  S.  Asai,  M.S.  Mock,  "A  Numerical  Model  of  Avalanche  Breakdown 
in  MOSFET's",  IEEE  Trans.  Electron  Devices,  vol.  ED-25,  no. 7,  Jul .  1978. 

/3/  E.  Sun,  J.  Moll,  J.  Berger,  8.  Alders,  "Breakdown  Mechanism  in  Short-Channel  MOS  Tran¬ 
sistors",  IEDM  Tech.  Dig.,  1978 

141  U.  Muller,  L.  Risch,  A.  Schutz,  "Short-Channel  MOS  Transistors  in  the  Avalanche-Multipli¬ 
cation  Regime",  IEEE  Trans.  Electron  Oevices,  vol.  ED-29,  no  11,  Nov.  1982 
/5/  F.C.  Hsu,  P.K.  Ko,  S.  Tam,  C.  Hu,  R.  Muller,  "An  Analytical  Breakdown  Model  for  Short- 
Channel  MOSFET's",  IEEE  Trans.  Electron  Devices,  vol.  ED-29,  no  11,  Nov.  1982 
/6/  D.W.  Marquardt,  "An  Algorithm  for  Least-Squares  Estimation  of  Non  linear  Parameters", 

J.  Soc.  Indust.  Appl.  Math.,  vol.  11,  no  2,  June  1963 
111  G.  Barbottin,  A.  Vapaille,  "Instabilities  in  Silicon  Devices",  Vol.  1,  Part  3,  North- 
Holi  and,  1986 


Session  6C  Room  C  :  Materials,  epitaxies,  HJD 


JOURNAL  DE  PHYSIQUE 

Colloque  C4,  supplement  au  n'9,  Tome  49 


septembre  1988 


C4-689 


VERY  RAPID  GROWTH  OF  HIGH  QUALITY  GaAs,  InP  AND  RELATED  III-V  COMPOUNDS 
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P.  BALK 

Institute  of  Semiconductor  Electronics,  Aachen  Technical  University , 
D-5100  Aachen,  F.R.G. 

Abstract 

Application  of  the  hydride  growth  process  at  overall  pressures  below  5x10^  Pa 
yields  very  high  rates  of  deposition  for  binary  (GaAs,  InP)  and  ternary  (GalnAs, 
GaAsP)  III-V  semiconductor  films,  It  is  proposed  that  at  these  conditions  the 
hydrides  AsHj  and  PHj  reach  the  substrate  surface  undecomposed  and  react  directly 
with  the  group  III  chloride  (GaCl,  InCl) .  The  rates  can  be  convenently  adjusted 
over  a  wide  range  by  varying  the  reactant  pressures.  Films  of  excellent  morphology 
with  low  background  doping,  high  electron  mobilities  and  well  resolved  PL  spectra 
were  obtained. 


RAsumA 


Des  vitesses  de  croissance  pour  les  semiconducteurs  III-V  binaires  (GaAs,  InP)  et 
ternaires  (GaAsP,  GalnAs)  trAs  AlevAes  ont  AtA  obtenues  en  conduisant  le  procAdA 
de  croissance  dans  le  systAme  &  hydrure  &  une  pression  totale  inferieure  A  5.10J 
Pa.  A  ces  conditions  ,  les  hydrures  AsH-j  et  PHj  semblent  atteindre  le  substrat  non 
dAcomposA  et  rAagissent  directement  avec  les  chlorures  du  groupe  III  (GaCl,  InCl). 
Les  vitesses  de  croissance  peuvent  etre  ajustAes  dans  un  domaine  Atendu  par  une 
variation  de  la  pression  partielle  des  diffArents  composants  de  la  rAaction.  Les 
couches  possAdent  une  bonne  morphologie  de  surface,  un  faible  niveau  de  dopage  et 
une  grande  mobilitA  des  Alectrons.  De  plus,  les  spectres  de  photoluminescence 
obtenus  sur  ces  couches  montrent  des  signaux  bien  rAsolus. 

Introduction 


The  hydride  method  has  proved  to  offer  a  convenient  approach  for  growing  high 
quality  epitaxial  films  for  optoelec ronic  devices  like  photodetectors  and  LEDs 
/l/.  For  GaAs,  operation  at  reduced  pressures  (1CP  Pa)  is  advantageous  from  the 
point  of  view  of  obtaining  improved  film  uniformity  /2/.  However,  this  decrease  in 
pressure  also  causes  the  growth  rate  to  drop  to  rather  low  values  /3/,  which  is 
disadvantageous.  When  exploring  growth  at  still  lower  pressures  we  observed  to  our 
surprise  that  the  rate  increased  again,  so  that  in  the  pressure  range  below  10^  Pa 
extremely  fast  deposition  can  be  achieved.  In  this  paper  we  will  present  first 
results  on  this  study.  We  will  also  show  that  the  phenomena  of  high  growth  rates 
at  low  pressures  is  not  limited  to  GaAs;  it  was  also  found  for  InP  and  for  ternary 
materials  (GalnAs,  GaAsP)  studied  so  far. 

Experimental 

The  growth  experiments  were  performed  in  a  hydride  system  /4/  designed  for  opera¬ 
tion  at  low  pressures.  Accordingly,  the  Ga  and  In  sources  were  protected  from 
backdiffusion  of  reactants  using  baffles.  A  regulating  valve  permitted  adjustment 
of  the  pressure  in  the  resistance  heated  quartz  reactor.  Semi  insulating  (100) 
GaAs  and  InP  wafers,  misoriented  2°  towards  the  (100)  direction,  were  employed  as 
substrates . 

Resulcs  and  discussion 


The  Initial  drop  in  rate  upon  reducing  the  overall  pressure  and  the  subsequent 
increase  for  still  lower  values  are  demonstrated  for  the  case  of  GaAs  by  the  data 
in  fig.  1.  The  detailed  shape  and  position  of  the  curves  depends  on  the  tempera¬ 
ture,  the  linear  flow  velocity  and  the  partial  pressures  of  the  reactants.  In  this 
example  rates  of  well  over  100  /im/h  are  attained, 
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Fig .  1 :  Dependence  of  GaAs  growth 
rate  on  total  pressure. 
Curve  a  from  ref.  /3/Fig. 
1: 


The  growth  rate  curve  appears  to  exhibit  four  different  regions.  Just  below  p  - 
10^  Pa  (curve  a)  the  rate  appears  to  drop  roughly  with  the  root  of  the  pressure. 
This  behavior  results  from  the  equilibrium 

GaCl  +  1/4  As4  +  1/2  H2  (CaAs)s  +  HC1,  (1) 

where  the  GaCl  is  obtained  from  reaction  between  injected  H31  and  an  elemental  Ga 
source  and  the  As4  results  from  the  thermally  cracked  arsenic  source  AsH-j.  The 
GaAs  activity  near  the  substrate,  which  is  a  measure  of  the  growth  rate,  follows 
immediately  from  the  above  equation: 

aGaAs  ■ltl*P2  V2  *  PGaCl  *  PAs4/4  *  PHCl  *X  <2> 

This  equation  shows  the  above  mentioned  square  root  dependence  on  the  pressure  of 
the  H2  carrier.  Below  2  x  104  Pa  the  slope  of  the  curves  increases  (curves  a  and 
b)  and  shows  a  linear  pressure  dependence.  As  proposed  in  an  earlier  paper  from 
this  laboratory  /5/  in  this  pressure  range  a  kinetic  limitation  related  to  the 
reduction  of  adsorbed  AsGaCl  complexes  by  H2  molecules  occurs.  Below  approximately 
5  x  10J  Pa  the  rate  turns  up  (curves  b  and  c) .  This  phenomenon  is  the  topic  of 
this  paper.  We  suggest  that  at  these  relatively  low  pressures  the  AsHj  is  not  or 
not  completely  cracked  anymore,  so  that  a  substantial  density  of  AsHj  (or  AsH2  or 
AsH)  reaches  the  substrate  surface.  This  leads  to  a  change  in  the  growth  reaction 

GaCl  +  AsH-j  K2  .  ( GaAs )  ~  +  HC1  +  H2  (3) 

which  is  thermodynamically  favored  over  the  process  described  by  eq.  (1)  because 
of  the  positive  free  enthalpy  of  formation  of  this  the  compound.  In  the  103  Pa 
region  the  growth  rate  saturates.  We  attribute  this  effect  to  the  fact  that  here 
all  GaCl  available  near  the  substrate  reacts  with  AsHj  (or  AsH2  or  AsH). 


Fig,  2:  Dependence  of  InP  growth 
rate  on  pressure. 

a)  this  work 

b)  from  /6/ 
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As  would  be  expected,  the  analogous  effect  of  incomplete  dissociation  of  PH3  is 
observed  in  the  low  pressure  growth  of  phosphorus  compounds.  Fig.  2  shows  some 
early  data  from  a  study  on  the  growth  of  InP.  In  this  case  growth  rates  of  35  /jm/h 
were  achieved.  A  further  advantage  of  deposition  at  low  pressure  conditions  is  the 
large  range  available  for  adjusting  the  rates  of  deposition  of  the  binaries.  These 
can  be  varied  by  almost  three  orders  of  magnitude  (0.5  -  300  ym/h)  for  GaAs  by 
varying  the  HC1  and  AsHj  imput  pressures.  The  dependence  of  the  rate  on  these 
partial  pressures  is  roughly  linear,  in  contrast  to  the  situation  near  103  Pa, 
where  the  dependence  on  the  reactant  pressures  is  rather  weak.  For  InP  a  range  of 
0.3  to  35  ym/h  was  obtained  in  the  same  manner. 

Similar  high  rates  (around  60  ym/h)  were  obtained  at  low  pressures  for  growth  of 
the  ternary  GalnAs  on  InP.  Proper  adjustment  of  the  lattice  constant,  i.e.  of  the 
Ga/In  ratio  in  the  solid,  is  attained  by  varying  the  HC1  input  flows  in  the  metal 
source  regions  or,  as  shown  in  fig.  3,  by  varying  the  substrate  temperature  at 
fixed  source  temperature.  The  deposition  rate  of  GaAsP  on  GaAs  at  lew  total 
pressure  is  dependent  on  the  ratio  of  the  hydride  (AsHj  and  PH-j)  pressures  and  is 
for  this  reason  a  function  of  the  composition  of  the  solid.  Around  GaAsQ  gpQ  a 
composition  typically  used  for  red  LEDs,  a  value  as  high  as  170  pm/h  was  achieved 
for  this  material. 


- To  IK)  goo  850 


i/t0(i/io3k| - 


Fig.  3:  Dependence 
GalnAs  on 
perature 
103  Pa. 


of  Ga  content  in 
deposition  tem- 
f  o  r  p  -  2  x 


Besides  a  perfect  surface  morphology,  layers  grown  under  these  low  pressure  condi¬ 
tions  exhibit  excellent  electrical  characteristics,  as  can  be  seen  from  tab.l.  For 
example,  77  K  mobilities  of  130  000  cm^/Vs  and  65  000  cm^/Vs  were  routinely 
obtained  for  GaAs  and  InP,  respectively.  High  resolution  2K  PL  measurements  on 
GaAs  samples  yield  well  resolved  exciton  peaks  with  typical  linewidth  of  0.3  meV. 
Also,  the  300  PL  spectrum  of  a  GaAsP  structure  reveals  a  sharp  FWHM  of  15  ns. 
These  results  demonstrate  the  excellent  optical  properties  of  the  layers. 


GaAs 

InP 

ln4,Ga5,As 

GaAs^Te 

n 77  K  (cm-3) 

1x10“ 

1x10“ 

1x10'5 

— 

W?7k  (cnrtf/Vs) 

130.000 

65,000 

26.000 

— 

rhooK  (cm-3) 

1x10“ 

1x10“ 

1*10'5 

4x10'6 

Pannxfcmi/Vs) 

7.500 

4.900 

9,000 

2.700 

Tab ,  1:  77  and  300  K  electron 
concentrations  and  mo¬ 
bilities  in  GaAs  ,  InP, 
GalnAs  and  GaAsP;  for 
the  latter  compound 
only  data  on  Te-doped 
material  are  available 


C4-692 


JOURNAL  DE  PHYSIQUE 


Conclusions 

Our  study  of  growth  in  the  hydride  system  at  low  overall  pressures  (<  5  x  103  Pa) 
reveals  the  capability  of  this  approach  for  growing  binary  (GaAs,  InP)  and  ternary 
(GalnAs,  GaAsP)  III-V  semiconductor  films  at  very  high  rates.  These  rates  can  be 
conveniently  adjusted  over  orders  of  magnitude  by  varying  the  reactant  concentra¬ 
tion  in  the  gas  phase.  It  appears  likely  that  the  same  technique  can  also  be  used 
to  grow  quaternary  materials.  The  excellent  electrical  and  optical  properties 
makes  this  growth  method  particularly  attractive  for  the  preparation  of  opto¬ 
electronic  device  structures.  Also  of  interest  may  be  the  growth  of  high  quality 
substrates . 
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RESUME  -  On  dtudie  l'influence  de  1' incorporation  d'indium  (0  -  6,5x10^9  Cm-3)  dans 
des  couches  OMVPE  de  GaAs,  sur  les  propria t£s  optiques  en  bord  de  gap  et  les  centres 
profonds.  En  photoluminescence  (PL),  les  bandes  d'excitons  lids  et  de  recombinaisons 
donneur-accepteur  glissent  vers  les  basses  Energies:  il  y  a  formation  d'un  alliage 
ternalre  GalnAs  trds  dilud.  Les  intensitds  de  PL  augmentent  d'un  facteur  10.  Cette 
amdlioration  de  la  qualite  optique  des  couches  est  en  corrdlation  avec  une  rdduction 
de  la  photodmission  impliquant  le  chrome,  dans  le  mdme  rapport.  Par  contre,  la 
concentration  et  le  profil  de  EL2  ddterminds  par  DLTS  ne  son t  pas  affectds.  Nos 
rdsultats,  conjointement  A  ceux  de  la  littdrature,  semblent  indiquer  une  rdduction  par 
1' indium  des  distorsions  de  rdseau  autour  des  ddfauts,  limitant  ainsi  la  formation  de 
dislocations . 

ABSTRACT  -  The  Influence  of  Indium  incorporation  (0  -  6 . 5xl0^9cm"^)  in  GaAs  OMVPE 
layers,  on  near-band-edge  optical  properties  and  deep  trap  content  has  been 
investigated.  The  bound  exciton  and  donor-acceptor  recombination  lines  in 
photoluminescence  (PL)  spectra  shift  toward  lower  energies  versus  indium  content.  This 
indicates  the  formation  of  a  very  dilute  GalnAs  ternary  compound.  The  corresponding  PL 
intensities  increase  by  a  factor  of  10.  This  improvement  in  the  optical  quality  of  the 
layers  correlates  with  a  decrease  in  a  ratio  10  for  chromium- related  PL  intensities. 
On  the  opposite,  the  EL2  concentration  and  depth  profile  determined  by  DLTS  are  not 
affected.  We  suggest  cnat  indium  relaxes  lattice  distorsions  arround  residual  defects 
and  limits  the  formation  of  dislocations. 

In  bulk  GaAs  technology,  a  large  reduction  of  dislocation  density  has  been  noticed  by 
incorporating  indium  /l/.  This  resulted  in  significant  improvements  of  the  electrical 
substrate  properties  /2/  and  the  same  technics  was  soon  extended  to  GaAs  epitaxial  layers. 
Again  <t  significant  improvement  in  devices  properties  has  been  claimed  /3/  and,  to  help 
clarifying  the  mechanism  of  indium  incorporation  in  GaAs,  we  have  investigated  a  series  of 
samples  grown  by  OMVPE,  with  calibrated  indium  concentrations  ranging  from  0  to 
6.5x10^  cm’3.  This  corresponds  to  about  0.3»  in  standard  notations.  We  report  in  this  work 
the  results  of  a  cross  investigation  of  both  the  near  band  edge  optical  properties  and  the 
deep  trap  content.  All  experimental  details  have  been  given  in  separated  papers  /4, 
J.P.  LAURENTI  et  al.,  unpublished/. 

In  Fig.  1,  we  show  typical  luminescence  spectra,  collected  at  2K  on  a  reference  sample 
(indium-free  GaAs  layer)  with  different  experimental  arrangements.  At  high  energy,  we  used  an 
optical  multichannel  analyzer  with  500  silicon  targets  and  an  experimental  resolution  of  0.1 
meV.  We  resolved,  first,  a  series  of  excitonic  lines,  associated  with  the  recombinations  of 
standard  bound  exciton  complexes.  Next  come  two  lines,  labelled  L^  and  L2 ,  associated  with 
the  radiative  decay  of  well  identified  donor-acceptor  pairs.  Line  L^  corresponds  with  both  Zn 
and/or  Mg  substituted  onto  the  Ga  sites  and  was  associated  with  accidental  contamination 
processes;  on  the  opposite  L2,  which  is  associated  with  C  substituting  on  the  anion  sites, 
was  mostly  dependent  on  the  growth  process;  in  both  cases,  weak  L0  replica  have  been  found. 

At  lower  energy,  we  have  used  a  Ce-detector,  cooled  down  to  liquid  nitrogen 
temperature,  and  an  experimental  resolution  of  typically  0.5  meV.  We  notice,  first,  a  large 
luminescence  band  around  1.23  eV,  which  corresponds  with  the  reported  range  of  energy  for  the 
series  of  gallium  vacancy-substitutional  donor  complexes  first  Investigated  by  Williams  /5/. 
Depending  on  the  donor  species  and  the  lattice  sites  where  they  substitute,  the  top  position 
varies.  However,  whatever  are  the  donor  atoms,  the  net  concentration  (N(j-Na)  must  be  larger 
than  10^  cm'3  in  order  to  get  a  clear  PL  signal.  This  is  at  least,  one  order  of  j-itude 
above  the  residual  donor  concentration  achieved  in  our  samples  and  makes  the  residual  amount 
of  electrically  active  Impurities  hardly  Involved  in  the  strong  luminescent  features 


(1) 
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experimentally  found.  As  a  matter  of  fact,  we  could  establish  a  1  to  1  correspondence  between 
the  magnitude  of  the  donor-vacancy  related  band  and  the  magnitude  of  the  chromium-related 
zero  phonon  line  (ZPL) .  This  is  shown  in  Fig.  2  where  the  intensity  of  the  (D-Vq8)  complex  is 
plotted  against  the  intensity  of  the  Cr-ZPL  line  for  all  samples  and  pieces  of  substrates 
investigated  in  this  work.  Clearly  a  strong  correlation  exists,  which  suggests  to  identify 
the  previously  unknown  donor  with  Cr^+.  The  sharp  luminescence  bands,  observed  at  lower 
energy,  correspond  with  standard  features  of  the  Cr^+  trigonal  center.  Their  energy  positions 
(ZPL  at  0.839  eV)  are  in  excellent  agreement  with  the  data  of  the  lltterature  /£,?/. 

Versus  indium  content,  all  high  energy  features  shift  toward  lower  energy,  in  a  linear 
way  as  illustrated  in  Fig.  3.  The  slope  parameters  are  listed  in  Table  I.  This  Indicates 
that,  even  at  these  extremely  dilute  Indium  concentrations  (-  6xl03®  to  6xl0^  atoms  cm"3), 
the  formation  of  a  ternary  compound  GalnAs  happens  and  no  effet  of  isoelectronic  impurity  can 
be  evidenced.  This  is  clear  from  the  slope  of  the  D*X  feature  obtained  in  this  work 
(-  16.22  meV  per  percent).  Within  experimental  uncertainty  it  is  in  perfect  agreement  with 
the  value  (-  15.84  meV  per  percent)  reported  in  Ref.  8  for  the  free  exciton  transition. 
Slightly  different  values  have  been  obtained  for  the  acceptor-related  features  and  come  from 
microscopic  effects  /4/  associated  with  a  change  in  binding  energy  of  the  bound  holes.  These 
linear  relations  between  the  energy  shifts  and  the  indium  concentration  make  low  temperature 
PL  measurements  the  most  precise  and  non-destructive  tool  for  quantitative  determinations  of 
indium-doping  levels.  Finally,  we  display  in  Fig.  3  the  energy  position  of  the  Cr-ZPL  line 
versus  indium  content.  Within  experimental  uncertainty,  no  finite  shift  could  be  evidenced. 
This  small  sensitivity  to  indium  content  depart  from  the  results  of  Ref.  9  where  bulk 
(In, Cr) -codoped  LEC-grown  GaAs  samples  were  investigated.  However,  in  this  previous  work, 
higher  indium  concentrations  (4xl03®  to  1.2x10^1  co-3j  have  been  used  and  a  shift,  towards 
the  low-energy  side,  of  all  chromium  related  features  had  been  noticed  versus  indium 


1.430  1.470  1.490  1.510 
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Fig.  1  -  Photoluminescence  (PL)  spectra 
recorded  for  a  GaAs  OMVPE  layer  at  2K;  (1) 
In  the  near -band-edge  energy  range  (upper 
part);  (11)  In  the  range  0.7  -  1.4  eV  (lower 
part) .  All  labelled  features  are  described 
In  the  text. 


Cr-reiated  PL  intensity  larb.units] 


Fig,  2  -  Comparison  between  the  PL 
intensities  of  the  (D-Vga)  complex 
(1.23  eV) ,  and  the  chromium- related  zero- 
phonon  line  (0.839  eV) ,  respectively.  A  1  to 
1  correspondance  between  these  two  PL 
features  Is  evidenced  for  all  GaAs: In  layers 
and  GaAs  corresponding  substrates. 
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concentration.  Owing  to  the  internal  character  of  the  transition,  and  based  on  general 
crystal-field  theory,  the  change  in  magnitude  of  the  crystal-field  splitting  was  estimated 
from  er  inverse  fifth  power  of  the  lattice  constant  of  the  host  material  /10/: 

AE  -  E0  [  (acaAs/acaAs-Xn)5  -  1  J  (1) 

With  usual  values  of  the  crystal  parameters  /ll/,  the  computed  shift  is  far  above  our 
experimental  uncertainty.  We  have  found  a  better  agreement  using  only  the  Ga-As  nearest 
neighbour  distancy  in  Gax.xInxAs  /ll/.  This  is  shown  in  Fig.  3. 

Concerning  now  the  absolute  luminescence  intensities,  we  find  the  following  :  (i)  all 
near -band- edge  PL  Intensities  Increase  by  a  factor  of  10  when  incorporating  indium  (Fig.  4); 
(ii)  all  defect  (chromium)  -related  transitions  decrease  by  a  factor  of  10  when  incorporating 
Indium  (Fig.  5);  (iii)  there  is  a  one  to  one  correspondance  between  the  changes  in  the  near 
band  edge  (NBE)  and  the  chromium  related  transitions  (Fig.  6).  On  the  opposite,  the  EL2 
concentration  and  depth  profile  determined  by  capacitance  spectroscopy  (DLTS)  are  not 
affected. 

We  believe  that  most  of  the  improvements  concerning  bulk  and  epitaxial  materials  rely 
on  similar  features:  there  is  an  interplay  of  indium  and  chromium  incorporation.  Both  our 
results  and  the  work  of  Ref.  9  show  that  the  concentration  of  trigonal  Cr^+  centers 
decreases;  in  addition,  we  show  that  the  concentration  of  (C r^+-Vga)  complexes  also 
decreases.  The  simplest  explanation  would  be  that  the  overall  concentration  of  chromium  in 
the  material  decreases.  However,  there  are  also  evidences  for  a  complexation  of  chromium  with 
indium  /9/.  This  suggests  that  indium  fills  in  natural  cluster  surrounding  the  residual 
impurities  and/or  structural  defects,  and  relaxes  the  lattice  distorsions.  Lowering  the 
crystal  total  energy,  this  would  limit  the  amount  of  dislocations  which  can  be  formed. 


Fig.  3  -  Energy  positions  of  the  near-gap 
and  Cr- related  PL  lines,  plotted  as  a 
function  of  indium  concentration.  For  the 
near-gap  transitions,  the  staight  lines  are 
drawn  with  the  slope  parameters  listed  in 
Table  I  and  obtained  from  a  least-mean- 
square  fit.  For  the  Cr-related  transition, 
the  line  is  drawn  from  Eq.  (1)  (see  text). 


0.0  0.1  0.2  0.3 

In  concentration  IX) 


Fig.  U  -  Changes  in  PL  Intensities  as  a 
function  of  indium  concentration  for  the 
near-band-edge  transitions.  All  values  have 
been  normalized  to  the  In- free  reference 
layer. 


C4-696 


JOURNAL  DE  PHYSIQUE 


0  0.1  0.2  0.3 

In  concentration  [X] 


Fig,  5  -  Changes  in  PL  intensities  as  a 
function  of  indium  concentration  for  the 
defect  (chromium)  -related  transitions.  For 
every  layer  and  every  transition,  all  values 
have  been  normalized  to  the  PL  intensities 
from  the  corresponding  piece  of  substrate. 


Fig.  6  -  Relative  intensities  of  the  near¬ 
band-edge  transitions  versus  Cr-related 
zero-phonon  line  (ZPL) .  The  straight  line  is 
a  least-mean-square  fit  on  the  log-log 
scale . 


Table  I  :  Slope  parameters  (meV/%)  obtained  at  2K  in  this  work  for  the  near  band  edge  optical 
features  and  comparison  with  (i)  the  change  in  band  gap  obtained  in  Ref.  8,  and  (ii)  the 
Initial  slope  parameters  obtained  from  Eq.(l)  for  Cr-related  ZPL  energy  (see  text). 


Transitions 

ee 

D°X 

A’X 

l2 

Ll 

Cr2+(ZPL) 

This  work 

-  16.22 

-  14.73 

-  14.235 

-  13.36 

-  0.69 

Ref.  8 

-  15.84 

Refs .10,11 

-  2.96 

REFERENCES 


/l/  G.  JACOB,  M.  DUSEAUX,  J.P.  FARCES,  M.M.B.  Van  Den  BOOM  and  P.J.  ROKSNOER, 

J.  Crystal  Growth,  61,  417  (1983). 

/2/  M.  DUSEAUX  and  S.  MARTIN  in  "Serai- insulating  I1I-V  materials" 

(Shiva,  Kahnee-ta,  1984)  p  118. 

/3/  H.  SCHUMACHER,  P.  NAROZNY,  CH.  WERRES  and  H.  BENEKINO, 

I.E.E.E.  Electronic  Devices  Letters,  7,  26  (1986). 

/4/  J.P.  LAURENTI,  P.  ROENTGEN,  K.  WOLTER,  K.  SEIBERT,  H.  KURZ  and  J.  CAMASSEL, 

Phys.  Rev.  B37,  4155  (1988). 

/5/  E.U.  WILLIAMS,  Phys.  Rev.  168,  922  (1968). 

/6/  Y.  FUJIVARA,  T.N1SHINO  and  Y.  HAMAKAWA,  Jap.  J.  Appl.  Phys.  21,  L727  (1982). 

///  J.  BARRAU,  Do  Xuan  THANN,  M.  BROUSSEAU,  J.C.  BRABANT  and  F.  VOILLOT, 

Solid  State  Coramun.  44,  395  (1982). 

/8/  K.H.  GOETZ,  D.  BIMBERG ,  H.  JORGENSEN,  J.  SELDERS,  A.V.  SOLOMOV,  G.F.  GLINSKII 
and  M.  RAZEGHI,  J.  Appl.  Phys.  54,  4543  (1983). 

/9/  Y.  FUJIWARA,  Y.  KITA,  Y.  TONAMI,  T.  NISHIMO  and  Y.  HAMAKAWA, 

Appl.  Phya.  Lett.  49,  161  (1986). 

/10/  S.  SUCAMO,  Y.  TAMABE  and  H.  KAMIMURA,  "Multlplets  of  transition-metal  ions  in  crystals 
Academic  Press,  N.Y.  (1970)  pl4. 

/II/  J.C.  MIKKELSEN,  Jr  and  J.B.  BOYCE,  Phys.  Rev.  B28,  7130  (1983). 


JOURNAL  DE  PHYSIQUE 

Collogue  C4,  supplement  au  n"9,  Tome  49,  septembre  1988 


C4-697 


ELIMINATION  OF  TWINNING  IN  MOLECULAR  BEAM  EPITAXY  OF  GaAs/Si  and 
GaAs/ INSULATOR 

C.  FONTAINE,  J,  CASTAGNE,  E.  BEDEL  and  A.  MUNOZ -YAGUE 

Laboratolre  d ' Automat Ique  et  d' Analyse  des  Syst&mes  du  CNRS,  7,  Av.  du 

Colonel  Roche,  F-31077  Toulouse  Cedex,  France 

-  Nous  prdsentons  une  Atude  de  la  nucldation  de  GaAs  sur  des  surfaces  (100) 
de  Si  et  de(Ca,Sr)F2  montrant  qu'une  croissance  2D  peut  etre  obtenue  pour  des  dApdts 
tres  fins  (  15  A’)  rAalisAs  A  basse  temperature  (25-100°C).  La  stoechiomAtrie  du 
ddpot  est  obtenue  en  augmentant  la  temperature  jusqu'A  300-400<>C  ce  qui  conduit, 
en  meme  temps,  A  la  cristallisation  de  la  couche.  Le  diagramme  de  diffraction 
eiectronique  met  en  evidence  l'absence  de  micromacles  et  l'obtention  d'une  surface 
plane  au  niveau  atomique .  La  procedure  proposAe  ouvre  la  voie  A  1' utilisation  de 
techniques  basse  temperature  pour  1' elaboration  de  structures  co-intAgrAes 
associant  GaAs  et  Si. 

Abstract  -  We  present  a  study  of  GaAs  nucleation  on  Si  and  (Ca,Sr)F2  (100)  surfaces 
which  shows  that  a  2D  growth  can  be  achieved  for  very  thin  (  15  A" )  deposits  obtained 
at  low  temperature  (25-100°C).  Raising  the  temperature  to  300-400°C  leads  to  a 
stoichiometric  and  monocrystalline  layer.  Electron  diffraction  shows  a  diagram 
without  twin  spots  and  a  surface  devoid  of  noticeable  roughness.  The  proposed 
procedure  paves  the  way  for  the  subsequent  use  of  low  temperature  techniques  aimed 
at  the  fabrication  of  co- integrated  structures  associating  GaAs  and  Si. 

1  -  INTRODUCTION 

Gallium  Arsenide  epitaxy  on  Silicon  substrates  has  reveived  considerable  attention  over 
the  last  years,  and  the  quality  of  the  layers  has  been  dramatically  improved.  Although 
successful  demonstration  devices  have  been  reported  the  properties  of  the  GaAs 
heteroepitaxial  layers  have  still  to  be  improved.  This  implies  the  reduction  or  elimination 
of  the  crystalline  defects  -twins  and  dislocations-  present  in  these  layers,  specially 
near  the  layer-substrate  interface.  Even  if  post-growth  annealing  (in  or  ex  situ)  can  be 
used  to  overcome  this  problem,  specific  growth  procedures  preventing  defect  formation 
during  the  growth  should  be  preferred. 

In  addition,  low  temperature  processes  have  to  be  developed  to  reduce  the  interdiffusion 
problems  at  the  GaAs-Si  interface  (namely  Si  diffusion  into  GaAs)  and  to  permit  fabrication 
of  co- integrated  structures. 

Among  the  mechanisms  giving  rise  to  the  aforementioned  crystal  defects,  the  three- 
dimensional  mode  (3D-growth)  of  the  heteroepitaxial  GaAs  nucleation  is  often  invoked. 
Here,  a  growth  technique  is  proposed  which  favors  layer-by-layer  nucleation  (2D-growth) 
of  the  GaAs  heteroepitaxial  layer. 

As  the  technique  used  for  the  Si  substrate  preparation  requires  heating  of  the  substrate 
to  only  600°C  for  10  minutes  and  as  the  proposed  nucleation  procedure  works  at  400°C,  both 
steps  offer  promising  prospects  for  low  temperature  processing  in  GaAs/Si  molecular  beam 
epitaxy  (MBE) .  Finally,  the  results  presented  show  that  extended  defects  like  twins  are 
eliminated  in  the  early  stage  of  growth. 

2  -  EXPERIMENTAL 

An  ultra-high  vacuum  MBE  system  provided  with  two  main  chambers,  an  Auger  electron 
spectrometer  (AES)  and  an  electron  diffractometer  (RHEED) ,  was  used  in  this  study. 

The  Si  substrates  were  (100),  2*  misoriented  towards  [011].  The  preparation  of  the 
substrates  has  been  described  elsewhere  [1]  ;  it  is  briefly  recalled  here  as  part  of  the 
low  temperature  process  :  the  substrates,  with  a  protective  layer  of  thermally  grown  Si02, 
were  first  etched  using  an  HF  :  ethanol  solution  to  remove  this  oxide  just  before  loading 
into  the  vacuum  chamber.  AES  reveals  that,  at  this  point,  the  surface  is  devoid  of  any 
traces  of  0  or  C  contamination.  RHEED  shows  a  streaky  pattern.  In  the  second  step,  this 
surface  is  exposed  to  low  Si  atomic  flux  provided  by  the  effusion  cell  used  for  n-type 
doping  of  GaAs.  This  flux  is  not  sufficient  to  grow  a  Si  buffer  layer,  but  allows  the 
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reconstruction  of  the  Si  surface  ;  indeed,  after  10  minutes  at  600”C,  the  RHEED  diagram 
consists  of  sharp  and  intense  lines  with  a  (2  x  2)  reconstruction  (figure  la)  that  is 
interpreted  as  a  mixture  of  (100)  terraces  with  (1  x  2)  and  (2  x  1)  reconstructions.  It 
has  been  shown  that  such  a  Si  surface,  even  with  monoatomic  steps,  allows  GaAs  to  be  grown 
without  antiphase  defects  [2], 


a)  b)  c) 

Fig.  1  -  RHEED  diagram  obtained  for  the  [Oil]  azimuth  on  a)  the  cleaned  Si  surface,  b) 
on  the  ISA”  thick  amorphous  layer  grown  at  low  temperature  and  c)  after  annealing  of  this 
layer  at  400”C. 

3  -  RESULTS  AND  DISCUSSION 

The  initial  step  of  GaAs/Si  MBE  epitaxy  generally  follows  the  procedure  proposed  by  Wang 
[3] ,  which  consists  in  the  growth  of  a  200  A”  thick  layer  at  moderate  temperature  (300- 
400”C)  and  a  growth  rate  (0. lpm/h) .When  this  procedure  is  applied,  a  3-D  nucleation  is 
observed  using  AES  or  RHEED  :  GaAs  islands  nucleate  and  grow  to  finally  coalesce  for  a 
deposited  mean  thickness  of  about  200  A”  ,  The  RHEED  diagrams  are  spotty,  denoting  surface 
roughness,  and  frequently  reveal  twin  spots  which  are  eliminated  later  on,  when  the  growth 
is  continued  at  higher  temperatures  (580”C) . 

To  avoid  defect  creation  at  the  coalescence  stage,  a  2D  nucleation  should  be  preferred. 
In  addition,  it  would  produce  a  much  smoother  surface.  A  3D  nucleation  mechanism  can  be 
deviated  towards  a  2D  process  by  lowering  the  growth  temperature  :  the  reduction  of  the 
diffusion  length  of  the  Impinging  atoms  favors  this  type  of  nucleation.  The  problem,  which 
then  arises  for  GaAs,  is  that  the  deposit  is  no  longer  raonocrystalline  and  stoichiometric. 
This  is  indeed  observed  experimentally.  Figure  lb  shows  that  when  a  15  A”  thick  layer  of 
GaAs  is  grown  on  a  Si  surface  at  low  temperature  (between  25  and  100”C)  the  deposit  is 
amorphous,  the  RHEED  diagram  showing  a  diffuse  halo.  Auger  analysis  shows  an  excess  As 
concentration  in  the  layer  due  to  the  increase  of  the  sticking  coefficient  cf  the  As, 
molecules  evaporated  from  the  effusion  cell. 


in 


Temperature  (°C) 


Fig.  2  -  Variation  of  the  Auger  signal  ratio.  As  (1210  eV)/Ca  (1065  eV) ,  for  a  deposit 
grcxm  at  low  temperature  when  the  temperature  is  raised,  evidencing  the  restoration  of  the 
layer  stoichiometry  during  the  thermal  process. 
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This  can  be  rapidly  improved  by  a  moderate  thermal  treatment  :  between  300°  and  400°C, 
the  stoichiometry  is  restored  by  evaporation  of  the  excess  As  (figure  2),  and 
simultaneously,  a  monocrystalline  layer  is  obtained  :  The  RHEED  diagram  is  a  streaky 
pattern,  with  an  incipient  reconstruction  devoid  of  twin  spots  (figure  lc) .  This  result, 
which  has  been  obtained  systematically,  demonstrates  that  the  Si  substrate  is  covered  up 
by  a  very  thin  GaAs  layer  with  a  flat  single  oriented  surface  .  Usually,  such  a  RHEED  diagram 
is  obtained,  using  standard  procedures,  after  the  growth  of  much  thicker  (  2000  A”)  layers. 

The  proposed  procedure  also  applies  to  the  growth  of  GaAs/(Ca , S^F^Si  structures  [4], 
The  fluoride  layer  can  be  used  to  reduce  the  lattice  mismatch  between  Si  and  GaAs,  also 
offering  an  insulating  layer  between  the  semiconductors  that  could  be  useful  in  some 
applications.  Here  also,  after  heating  at  400°C  the  15  A°  thick  deposit  of  GaAs  on  a 
(Ca,Sr)F2  layer  (  103  A°)  grown  on  a  Si  substrate,  the  resulting  layer  presents  a  good 
crystallinity,  without  surface  roughness  (figure  3) . 


Fig.  3  -  <011>  RHEED  diagram  obtained  on  a  15  A°  thick  amorphous  GaAs  deposit  on  (Ca,Sr)F2/ 
Si  (100)  after  its  annealing  at  400°C. 

The  lack  of  twins  in  thicker  layers  grown  using  this  nucleation  procedure  has  also  been 
verified  using  Raman  Spectrometry .  It  has  been  shown  [5]  that,  under  adequate  experimental 
conditions,  the  twinned  volume  in  a  GaAs  (100)  layer  can  be  measured  from  the  LO  (allowed)/ 
TO  (forbidden)  phonon  ratio.  As  shown  in  figure  4  the  Raman  spectra  obtained  under  those 
conditions  on  a  GaAs/Si  layer  exhibit  no  TO  phonon  peak,  confirming  thus  that  no  misoriented 
twinned  regions  exist  in  the  GaAs  layer. 


Fig.  4  -  Raman  spectra  obtained  on  a)  a  1  pm  thick  GaAs  layer  grown  on  Si  (100)  with  the 
proposed  procedure  and  b)  a  reference  homoepitaxial  GaAs  layer  :  the  peak  shifts  evidence 
the  presence  of  thermal  stress  in  the  heteroepitaxial  layer.  The  TO/IO  amplitude  ratio 
is  the  same  for  both  samples. 
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4  -  CONCLUSION 

We  have  presented  procedures  for  Si  surface  preparation  and  for  GaAs  heteroepitaxial 
nucleation  using  MBE  which  lead  to  a  good  crystalline  material  and  improved  surface 
morphology . 

The  advantages  of  employing  an  initial  deposit  (  15  A°  thick)  at  room  temperature, 

stoichiometry  and  crystallinity  of  which  are  restored  by  a  moderate  thermal  treatment 
(  400°C) ,  have  been  demonstrated  for  GaAs  growth  on  Si  and  on  (Ca,Sr)F2.  The  proposed 
techniques,  coupled  with  other  means  of  reducing  both  the  dislocation  density  and  the 
growth  temperature,  could  be  useful  in  the  future  growth  of  co- integrated  GaAs-Si 
structures . 
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A  GaAs  ON  Si  COPLANAR  TECHNOLOGY  BY  EMBEDDED  MOLECULAR  BEAM  EPITAXY 

J.B.  LIANG,  J.  DE  BOECK,  R.  MERTENS  and  G.  BORGHS 

interuniversity  Micro-Electronics  Center  vzw,  Kapeldreef  IS, 
B-3030  Leuven,  Belgium 


In  recent  years,  there  has  been  growing  interest  in  the  heteroepitaxy  of  GaAs  on  Sif1).  The  motivation  for 
this  is  the  monolithic  GaAs/Si  (MGS)  technology  which  combines  the  optoelectronic  and  high  speed  properties  of 
GaAs  with  the  high  density  of  Si  circuitry.  Some  succesfull  realizations  have  already  been  reported  on  planar  Si 
wafers.  (2-6).  when  the  active  regions  for  the  GaAs  devices  are  defined  by  etching  mesa's  after  growth,  exposing 
the  processed  Si  devices,  significant  variations  in  surface  topography  of  several  microns  are  generated.  A 
monolithical  GaAs-Si  semiconductor  combination  with  a  copfanar  surface  is  desirable  from  a  process  point  of  view. 
In  the  latter  case  one  can  take  maximum  advantage  from  the  well  established  high  resolution  silicon  processing.  One 
way  to  achieve  such  a  coplanar  surface  is  to  recess  holes  several  microns  deep  into  the  Si  substrate  and  refill  them 
with  an  epitaxial  layer,  such  that  the  GaAs  surface  is  even  with  the  Si  surface  after  the  GaAs  growth.  Smooth,  device 
quality  GaAs  is  required  in  the  wells,  and  in  order  to  obtain  this  high  quality  one  must  avoid  the  introduction  of 
surface  damage  or  the  loss  of  the  intentional  misorientation  by  recessing  the  Si.  Otherwise,  the  degradation  of  the 
morphology  and  the  structural  properties  of  the  layer  will  be  extensive  and  antiphase  domains  are  no  longer 
supressed  (A8).  Etching  exposes  different  crystallographic  orientations  at  the  sidewalls  thus  allowing  for  different 
nucleation  behaviour.  Furthermore,  the  GaAs  film  is  submitted  to  more  severe  geometrical  constraints  causing  a 
different  thermal  strain  field  during  cool  down.  The  influence  of  these  factors  on  the  formation  of  dislocations  and 
stacking  faults  and  their  propagation  through  the  layer  have  to  be  considered.  In  this  paper  we  present  a  new 
technique  for  the  realization  of  a  coplanar  GaAs  on  Si  surface,  involving  a  wet  chemical  etch,  a  Si02  overhang 
reduction  step,  embedded  MBE  growth  and  removal  of  the  polycrystalline  GaAs.  Successful  metallization  crossing  the 
GaAs  to  Si  border  without  intermediate  planarization,  after  embedded  MBE  In  wet  etched  recesses  in  the  Si  substrate, 
is  reported.  Since  we  have  demonstrated  recently  (9)  that  the  structural  properties  of  the  embedded  MBE  layers  are 
comparable  to  those  of  large  area  GaAs  on  Si,  MGS  device  applications  are  realisable  using  the  presented  technique. 

Light  p-doped  10  ohm-cm  3  inch  (001)  Si  wafers  oriented  4°  off  towards  [110]  were  used.  The  preparation 
for  growth  involves  forming  and  patterning  a  400nm  thick  SI02  layer  and  exposing  the  Si  where  it  is  to  be  etched. 

The  mask  consists  of  4x4mm2  squares  containing  micro-windows  with  different  widths  (20-1 50pm)  and 
spacings  (5- 15pm). 

Different  solutions  of  HNO3  and  HF  diluted  In  H2O  or  CH3COOH  were  tested  to  form  a  featureless  flat  bottom 
and  to  preserve  the  Intentional  misorientation.  An  isotropic  solution  of  HF:HN03(1:19)  was  found  to  meet  the  above 
requirements,  as  discussed  below.  The  reaction  can  be  represented  as  follows; 
an  oxidizing  step;  Si  +  4HN03  -  SI02  +  4N02  +  2H20 
and  an  oxide  decomposition  step:  Si02  +  6HF  -  H2SIF6  +  2H2O 
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The  etching  process  tends  to  be  diffusion  limited  and  is  carried  out  at  controllable  rate.  Studies  of  the  recess 
profile,  using  a  Sloan  Dektak®  and  a  JEOL  840  scanning  electron  microscope,  have  demonstrated  the  surface 
flatness.  Figure  1  shows  a  typical  well  profile,  as  measured  with  the  Dektak®,  obtained  after  the  isotropic  wet  etch 
with  the  above  mentioned  solution.  Although  faster  etching  occurs  near  the  Si  sidewall,  the  maximum  effective  angle 
is  less  than  0.5°,  as  demonstrated  by  the  bottom  part  of  Fig.1,  so  that  the  intentional  misorientation  is  preserved 
sufficiently  to  retain  the  beneficial  influence  of  the  tilt  on  the  heteroepitaxial  growth  (7>8). 

After  etching  the  wells,  a  Si02  overhang  appears  because  of  the  effect  of  undercutting.  MBE  growth  on  such  a 
structure  generates  voids  between  the  epitaxial  GaAS  layer  and  the  Si  sidewall  since  the  molecular  beams  are 
screened  from  the  corner  part  of  the  well.  In  order  to  allow  for  reliable  metallization  in  the  frame  of  MGS 
integration  the  overhang  must  be  removed.  Thus  the  wafers  were  etched  in  buffered  HF  for  more  than  half  the  time 
needed  to  remove  the  complete  Si02  layer.  By  doing  so  no  voids  will  occur  during  growth. 

The  dielectric  is  partly  stripped  from  the  wafer  to  permit  monitoring  the  changes  in  the  FtHEED  pattern 
during  the  growth  process.  Prior  to  loading,  a  passivation  treatment  in  HCL:H202:H20  (3:1:1:)  is  used,  similar  to 

the  last  step  in  the  report  by  Ishizaka  et  al.(iO),  to  form  a  very  thin  oxide  film  that  is  readily  removed  upon  heating 
in  the  evaporation  chamber.  The  Si  substrate  was  then  loaded  into  a  Riber  2300  MBE  system  using  an  indium  free 
mount  and  was  brought  to  300°C  for  30'  to  remove  moisture  and  gases.  In  the  evaporation  chamber  the  substrate 
was  heated  to  850°C  for  15'  to  decompose  the  thin  oxide  layer  on  the  surface.  The  RHEED  showed  a  very  sharp  (2x1) 
reconstruction  of  the  Si  surface  indicating  an  atomically  clean  surface.  Thermally  strained  layers  are  used,  similar 
to  that  reported  by  J.W.Lee  (11).  The  substrate  temperature  is  cycled  between  650°C  and  350°C  and  subsequently 
the  GaAs  film  was  grown  on  top  of  the  nucleation  layer  at  a  conventional  growth  temperature  of  570O-600°C. 


width  pm 

20  40  60  80  lOO  120 


Fig.  1.  The  profile  of  a  SI  recess  formed  by 
HN03:HF  (19:1)  solution.  The  maximum 

effective  deviation  angle  is  about  0.5°. 


Fig.  2.  A  SEM  cross  section  of  an  embedded  GaAs 
layer.  The  same  nucleation  and  growth 
behaviour  is  found  on  both  the  unetched 
(on  the  platform)  and  the  recessed  Si 
surfaces. 


The  morphology  of  epitaxial  GaAs  film  on  Si  in  the  windows  is  mirrorlike  with  a  typical  'orange  peal  -like 
microtexture.  Figure  2  shows  a  SEM  cross  section  of  an  embedded  GaAs  film.  The  picture  is  taken  from  the  part  of 
the  wafer  where  the  oxide  is  completely  stripped  before  loading.  It  shows  the  smoothness  of  the  recess  floor  and  the 
typical  profile  of  an  isotropically  etched  surface.  In  this  particular  case,  an  AIGaAs/GaAs  periodic  heterolayer 
refills  the  well.  As  appreciated  from  the  micrograph,  the  same  nucleation  and  growth  properties  are  found  on  both 
the  untreated  and  the  recessed  Si.  The  rough  initial  GaAs  nucleation  layer  is  smoothened  out  after  0.3pm  on  both 
surfaces. 

The  optical  and  structural  properties  of  the  embedded  GaAs  layers  have  been  characterized  and  compared  with 
large  area  GaAs  on  Si  as  discussed  in  detail  elsewhere(S).  All  results  indicate  that  the  quality  of  the  recessed  GaAs 
on  Si  is  comparable  with  the  large  area  deposit  on  the  unetched  part  of  the  Si  substrate. 

The  GaAs  devices  are  to  be  fabricated  in  the  embedded  single  crystal  layers  in  the  recess.  The  realization  of  the 
coplanar  GaAs  on  Si  surface  thus  requires  precise  control  of  growth  rate  in  order  to  equalize  the  thickness  of  the 
deposit  and  the  depth  of  the  well.  After  growth  a  polycrystalline  deposit  on  the  masking  dielectric  surrounds  the 
recess.  A  photoresist  mask  is  used  to  protect  the  monocrystalline  GaAs  during  the  wet  etching  process  to  lift  off  the 
polycrystalline  GaAs.  Figure  3  shows  a  cross  sectional  SEM  photo,  taken  after  the  lift  off  procedure,  demonstrating 
how  the  GaAs  and  Si  surfaces  level.  A  GaAs  surface  step  of  about  0.6pm  for  a  2pm  thick  layer  appears  on  the  GaAs  to 
Si  border.  The  shape  and  heigth  of  the  hillock  depend  strongly  on  the  geometry  of  the  sidewall. 

A  metallization  test,  using  Au-evaporation,  was  performed  over  the  border  to  test  the  step  coverage  of  the 
metal  line  over  the  GaAs/Si  border.  The  evaporation  technique  was  chosen  because  it  is  more  sensitive  to  shadow 
effects  then  sputtered  deposition  and  thus  constitutes  a  more  critical  test  for  the  coplanarity.  The  test  pattern  for  the 
metal  lift  off  consisted  of  lines  with  varying  width  and  spacing  from  10pm  to  0.5pm.  Figure  4  shows  a  plane  view 
SEM  micrograph  of  1.25pm  wide  Au  lines  with  a  thickness  150nm.  The  wider  lines  were  checked  electrically  and 
were  found  not  to  be  interrupted.  SEM-inspection  showed  that  the  metallization  was  succesful  down  to  1.25pm  width 


Fig.  3.  An  SEM  photo  showing  the  cross  section  of  the  Fig.  4.  An  SEM  photo  image  showing  150  nm  thick  with 
embedded  GaAs  in  the  wet  etched  Si  recess  after  1 .25  pm  wide  Au-lines  crossing  the  GaAs  to  Si 

lift  off.  border. 
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and  spacing,  although  reliable  metal  lines  should  be  made  wider. 

In  summary,  we  reported  on  GaAs  grown  embedded  in  masked  wells,  which  were  etched  in  the  Si  substrate 
with  a  controlled  solution  of  HNO3  and  HF.  Coplanarity  of  the  GaAs  epilayer  and  the  Si  surface  is  obtained  after 
lifting  off  the  polycristalline  GaAs  with  the  masking  Si02.  Successful  metallization  is  performed  over  the  GaAs  to  Si 
border.  Since  the  GaAs  layer  quality  is  identical  to  'normal'  GaAs  on  Si,  the  presented  technique  is  suitable  for  MGS 
applications. 

The  authors  wish  to  thank  O.J.  Arent,  K.  Deneffe,  C.  Van  Hoof  for  the  many  fruitful  discussions.  Further  the  . 
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RESUME  -  Une  etude  experimentale  et  thdorique  des  Centres  OX  dans  les  couches  en 
AlGaAs  est  prdsentee.  II  est  montre  qu'a  cause  des  centres  DX,  a  temperature 
ambiante,  la  transconductance  hyper  frequence  des  HFMTs  peut  etre  cosid^rablement 
plus  elev^e  que  celle  obtenue  en  regime  continu  et  approche  les  valeurs  qui 
pourraient  fetre  uotenues  si  les  centres  DX  n'existaient  pas.  En  consequence,  pour 
des  applications  a  temperature  ambiante,  des  structures  particul ibres  destinees  a 
eiiminer  les  centres  DX  ne  sont  pas  reellement  necessaires . 


ABSTRACT  -  A  study  of  DX  centers  in  GaAlAs  layers  is  presented,  both  experimental 
and  theoretical.  It  is  shown  that  due  to  DX  centers,  at  room  temperature,  the 
microwave  transconductance  of  HEMTs  can  be  considerably  higher  than  that  obtained 
from  the  DC  regime,  and  approaches  the  values  which  could  be  expected  if  DX  centers 
did  not  exist.  As  a  result,  for  room  temperature  applications,  special  structures 
designed  in  order  to  eliminate  DX  centers  are  not  really  necessary. 


It  is  now  well  known  that,  due  to  deep  levels  associated  with  DX  centers  in  doped 
Alx  Ga1x  As  [1],  the  electrical  properties  of  HEMTs  may  be  strongly  modified  leading  to 
low  temperature  collapse  [2],  persistent  photoconductivity  [3].  Solutions  to  this  have 
been  proposed  :  a  reduction  of  A1  mole  fraction  x  below  0.2;  the  use  of  a  n+  GaAs-AlAs 
superlattice  [A];  or  even  a  planar  (delta)-doped  layer  [5].  It  is  clear  that  these 
solutions  are  necessary  for  low  temperature  operation,  but  are  they  really  useful  for  room 
temperature  operation?  Here, we  study  the  effect  of  DX  centers  on  DC  and  microwave 
properties  of  HEMTs  at  room  temperature  .We  use  a  HEMT  simulator  which  is  able  to  take  DX 
centers  into  account  [6]  and  we  will  support  our  findings  by  a  comparison  with  a  few 
experimental  data. 

Our  theoretical  study  is  carried  out  using  a  method  which  is  somewhat  similar  to 
[6].  Since  we  are  interested  primarily  in  the  influence  of  DX  centers  upon  the  drain 
current  and  device  performance,  we  have  to  evaluate  the  importance  of  electron  transfer 
between  the  GaAs  and  GaAlAs  layers,  requiring  a  correct  evaluation  of  the  gate  current 
through  the  GaAlAs  layer.  To  do  this,  we  start  with  some  2  DEG  density  ng  at  some  point  of 
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the  source-drain  channel,  from  which  the  exact  position  oT  the  Fermi  level  Fr(n  )  with 

1  s 

respect  to  the  conduction  band  is  known. 

This  Ep(ng)  was  established  from  exact  results  computed  with  a  self-consistent  solution  of 
Schrodringer 1 s  equation  [6].  Using  this  as  the  boundary  condition  for  the  solution  of 
drift-diffusion  and  Poisson  equations,  the  Fermi  level  through  the  AlGaAs  layer  is 
calculated  and  several  assumptions  for  the  effect  of  DX  centers  on  the  electron 
concentration  can  be  compared.  Then,  at  a  given  gate  voltage,  the  gate  current  density  can 
be  computed  once  the  correct  boundary  condition  is  met  at  the  gate  plane.  This  method  is 
somewhat  similar  to  the  one  presented  by  Ponse  et  al  [7].  Thus,  we  get  the  ng  and  the 
total  charge  in  the  AlGaAs  layer  as  a  function  of  gate  voltage,  finally,  the  drain  current 
and  gate-source  capacitance  are  computed  using  a  short  channel  approximation  [8]  by  solving 
the  following  equations: 

!DS  '  1  <V  vGaAs  +  Qfree‘  vGaAlAs) 

Cgs  ,  Z.Lg.  d(Qs  +  Qfrfie  +  Op*)  /  dVgs 

where  Q  =  q.n  ,  Q,  is  the  free  charge  in  the  GaAlAs  layer,  and  Q  is  the  charge 
s  sr  ree  ux 

trapped  on  DX  centers,  VpgAg  (vQaAlAs)  *s  the  peal<  velocity  in  GoAs  (GaAlAs),  Z  and 

Lg  are  respectively  the  gate  length  and  the  gate  width. 

The  key-point  here  is  in  the  way  in  which  deep  DX  centers  can  be  taken  into  account. 

We  used  some  recent  results  reported  by  Theis  [9]  and  made  the  following  assumptions  ;  i) 

every  impurity  atom  gives  rise  to  a  deep  donor  level  (presumably  due  to  a  DX  center),  ii) 

The  deep  donor  level  approximately  follows  the  L-valley  minimum  as  this  latter  changes 

with  x  and  is  taken  to  be  140  meV  below  the  L-valley.  iii)  Shallow  donor  levels  are  not 

taken  into  account  because  at  high  doping  concentrations  used  in  HFMls,  the  shallow 

impurity  band  is  resonant  with  the  T -valley.  As  a  consequence,  each  impurity  atom  gives 

one  electron  which  either  can  occupy  a  conduction  band  state  or  can  be  captured  by 

a( positively )  ionized  empty  deep  donor  level  and  the  concentrations  of  these  two  types  of 

occupied  states  can  be  determined  since  the  quasi  Fermi  level  is  known. 

In  order  to  assess  the  role  of  DX  centers,  the  main  characteristics  (q  ,  Cqs)  of  a 

m 

typical  HEMT  structure  have  been  computed  both  when  DX  centers,  as  described  above,  are 
taken  into  account  or  when  they  are  ignored.  This  is  illustrated  in  figure  1.  DX  centers 

have  a  strong  influence  on  the  transconductance  at  positive  gale  voltages  .  In  DC  regime  a 

good  part  (depending  on  the  Fermi  level  values)  of  electrons  are  trapped  by  DX  centers  and 

this  limits  the  upper  values  of  the  static  drain  current  and  consequently  of  g  .  When  DX 
centers  are  ignored,  the  g^  can  be  substantially  enhanced.  Correspondingly  ,  one  finds  that 
Cgs  is  also  very  sensitive  to  the  effect  of  DX  centers.  Static  regime  can  be  characterized 
by  times  much  longer  than  t,he  emission  or  capture  times  on  DX  centers.  Preliminary 

experiments  performed  in  our  laboratory  showed  that,  at  300K,  the  capture  time  is  of  a  few 

pS,  although  emission  time  is  about  lOOpS  (see  figure  2).  Consequently,  at  500MHz  and 
above.it  can  be  assumed  in  our  model  that  the  charge  trapped  in  DX  centers  depend  on  the 
static  bias  voltage  VgsO  and  not  on  the  microwave  voltage  AVgs.  Taking  into  account  these 
assumptions,  the  Qg,  Qfree.  Qp^  values  can  be  determined  for  Vgs  =  VgsO  and  then  assuming 
no  variation  of  the  charge  trapped  in  DX  centers  for  Vgs  =  VgsO  +  A Vgs  (typical  value 
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used  for  Avgs  is  0.1  volt).  By  using  such  a  method,  the  microwave  g^  including  DX  centers 

can  be  computed  and  it  is  found  (figure  1)  tb  be  closer  to  the  static  g^  when  DX  centers 

are  neglected.  Similar  results  are  found  for  the  gate  capacitance. 

In  the  rest  of  the  paper  we  check  this  idea  against  experiments.  We  used  two 

different  methods  in  order  to  measure  the  static  and  microwave  g  of  HEMTs  with  a  structure 

m 

very  similar  to  the  one  shown  in  figure  1.  In  the  first  method,  a  pulsed  bias  voltage  is 

applied  to  the  gate  and  the  corresponding  variation  of  the  drain  current  is  recorded  (see 

figure  2  for  an  example).  One  then  notes  that  the  drain  current  observed  just  after  the 

pulse  has  been  applied,  can  be  much  higher  than  the  drain  current  at  longer  times.  This 

leads,  for  large  positive  value  of  the  gate  voltage,  to  microwave  g^  30?o  higher  than  the 

static  q  .  As  a  counter  experiment  we  have  checked  that  this  behaviour  is  never  observed  in 
m 

normal  GaAs  MESFETs  where  the  effect  of  DX  centers  is  negligable.  A  second  method  was  also 
used  to  confirm  these  results  :  on  one  side  the  static  g^  is  measured  in  the  DC  regime  as  a 
function  of  Vgs  and  on  the  other  side,  the  microwave  g^  is  obtained  from  5  parameters 
measurements  [10].  The  results  obtained  in  this  way  are  presented  in  figure  3.  The  fact 
that  at  Vgs  >  0  the  microwave  gm  is  substantially  higher  than  the  static  gm  is  clearly 
seen.  Moreover  the  results  shown  here  are  in  quite  good  agreement  with  theoretical 
predictions  of  figure  1. 


In  conclusion,  we  have  shown  that,  although  the  influence  of  the  deep  level  due  to 
DX  centers  in  AlGaAs  layers  may  be  strong  as  concerns  static  characteristics,  the 
influence  on  microwave  performance  is  clearly  much  weaker.  Consequently,  at  room 
temperature,  special  structures  designed  in  order  to  eliminate  DX  centers  formation  in 
HEMTs  appear  not  really  necessary. 
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figure  1  : This  figure  compares  the  computed 

"results  obtained  (1)  when  DX  centers  are 
ignored;  (2)  when  they  are  taken  into  account 
(see  text)  in  DC  regime;  (3)when  they  are 
taken  into  account  in  the  transient  regime 
which  characterizes  DX  centers  behaviour  at 
microwave  frequency. 
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figure  2  :Orain  current  time  response  to  a  F iqure  3  :Experimental  transconductance 

pulsed  gate  voltage.  Shorter  capture  time  by  measured  on  a  structure  very  similar  to  the 

DX  centers  is  observed  at  the  beginning  of  one  shown  in  fig.1.  Static  and  microwave 

the  pulse  and  longer  emission  time  is  (500MHz)  data  are  shown, 
observed  after  extinction  of  the  pulse. 
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R£3um6  -  Le  comportement  du  HEMT  en  regime  statique  et  hyperfr^quence  est  4tudl6  S 
basse  temperature.  L' Influence  du  pl^geage  de3  electrons  est  analyse  &  l'alde  de 
procedures  speclfiques  de  mesure  de  la  capaclte  de  grille  et  la  resistance 
drain-source.  L 1 ut 1 1 1  sat  ion  d'une  structure  appropriee  permet  de  supprlmer  les  effets 
parasites  telle  que  la  degradation  des  caractdristlques  I-V.  La  transconductance 
microonde  et  la  frequence  de  coupure  sont  alors  ameilorees  ;  ces  resultats  sont 
valides  par  une  simulation  numerlque  du  composant. 


Abstract  -  Low  temperature  behaviour  of  HEMTs  Is  studied  under  static  and  microwave 
conditions.  The  influence  of  trapping  effects  are  analysed  by  means  of  a  specified 
measurement  procedure  of  the  gate  capacitance  and  drain-source  resistance.  On  an 
appropriate  structure  that  allows  to  avoid  parasitic  phenomena  such  as  collapse,  It 
was  found  that  microwave  transconductance  and  cut-off  frequency  Improve,  which  Is 
confirmed  with  numerical  results. 

Two  dimensional  electron  gas  field  effect  transistors  (TEGFETs,  HEMTs,  MDDFETs )  exhibit  very 
attractive  performance  for  supei — low-noise  amplifier  and  ultra-hlgh-speed-loglc  applications. 
This  is  due  to  superior  electron  dynamics  of  electrons  spatially  separated  from  their  parent 
atoms  and  located  at  the  AlGaAs/GaAs  Interface. 

Moreover,  cryogenic  temperatures  give  significant  Improvement  of  the  mobility  which  increases, 
for  instance,  from  8000  cm^/v/s  at  300  K  to  i  x  109  cm^/v/s  at  77  K  (lj.  Unfortunately,  such 
an  enhancement  is  not  directly  reflected  to  transistor  characteristics.  In  practice,  many 
parasitic  phenomena  occur  at  low  temperatures,  such  as  : 

-  the  collapse  In  drain  I-V  characteristics 

-  threshold  voltage  shifts  of  the  FET  I-V  characteristics 

-  persistent  photoconductivity  effects 

Many  authors  [2,3]  attributed  the  origin  of  these  phenomena  to  the  existence  of  electron 
trapping  In  the  so-called  DX  centers  (kj  in  the  AlGaAs  layer. 

Baaed  on  experimental  approaches,  the  aim  of  this  work  is  : 

-  to  progress  in  the  comprehension  of  the  physical  mechanisms  responsible  for  these  effects 

-  to  define  optimal  structures  to  minimize  this  anomalous  behaviour 

-  to  evaluate  the  potential  advantages  of  modulation  doped  heterostructures. 

Experiments  were  carried  out  on  several  transistors  with  convent lonnal  as  well  as  more 
elaborated  structures  grown  by  MBE  or  MOCVD. 

The  access  source  and  drain  resistances  that  greatly  affect  the  HEMT  parameters  at  low  tempe¬ 
rature,  are  deduced  from  gate  d-c  current  measurements.  These  resistances  while  decreasing 
with  temperature,  exhibit  for  transistors  with  different  cap-layer  parameters,  a  similar 
minimal  value  around  0.8  iimm  at  77  K.  The  high  mobility  of  electron  gas  yields  an  access 
resistance  which  is  Independent  of  the  cap-layer  and  reflected  only  by  the  very  low  sheet 
resistance.  The  limited  value  then  may  be  attributed  to  the  2DEG  contact  resistance.  For 
temperatures  below  190  K,  these  results  are  greatly  affected  if  drain  I-V  characteristics  were 
measured  before  measuring  the  access  resistance.  The  drain  resistance  reaches  then  a  consi¬ 
derable  value  whereas  the  source  onu  is  not  modified  and  vice  versa  on  inverting  the  role  of 
source  and  drain  (fig.  1.1).  This  is  correlated  with  the  Id(Vds>  vGS>  characteristics  degra¬ 
dation  resulting  from  the  application  of  a  large  drain  bias  voltage  (Vpg  >  IV). 


(i) 
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Fig-  I  :  I~V  characteristics  (fig.  1.1)  at  77K  and  access  resistances  Rs  and 

Rd  (fig.  1.2)  for  two  HEMTs  with  ( - )  and  without  ( — )  collapse 

phenomenon. 

However,  we  observed  that  the  I-V  collapse  can  be  suppressed  (fig.  1.2)  by  means  of  : 

-  replacing  the  highly  doped  AlGaAs  layer  by  a  NID  AlGaAs/N+  AlGaAs  structure. 

-  reducing  the  drain  ungated  recessed  area  for  a  standard  epitaxial  structure.  In  this  case, 
electrons  are  directly  transfered  and  collected  in  the  cap-layer  of  the  drain  region. 

Concerning  the  influence  of  technology,  MOCVD  epitaxy  seems  to  be  less  sensitive  to  I-V 
instabilities  even  if  a  large  drain  voltage  is  applied  to  the  device. 


So,  the  state  of  a  HEMT  being  dependent  on  his  history,  precisely  the  manner  of  reducing  the 
temperature  and  applying  the  bias  conditions,  demands  the  definition  of  certain  protocols 
before  gate  capacitance  and  drain-source  resistance  measurements  in  function  of  gate  voltage. 

Three  different  sequences  are  successively  considered  which  correspond  to  electric  stresses 
applied  to  the  transistor  during  the  cool  down  from  room  temperature  to  77  K.  Thi3  procedure 
is  made  in  the  very  beginning  of  the  experiments  in  order  to  separate  as  possible  trapping 
effects  and  to  make  these  experiments  reproductible.  The  capacitance  measurement  i3  made  at 
500  MHz  and  after  integrating,  the  threshold  voltage  W00  and  the  total  electronic  charge 
quantity  under  the  gate  Q0  are  deduced.  The  drain-source  measurement  gives  information  about 
the  access  resistances  R3  +Rq  and  the  channel  conductance  G0  under  the  gate  region  (fig.  II). 


Z  -  3uOn« 

Q0(K>->?  C) 

Woo  <V) 

fiD(n) 

ns'R<j(n ) 

I 

T  -  JOQK 

3.08 

2.15 

0,68 

10,8 

2 
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Pig.  II  :  Evolution  of  gate  capacitance  for  different  bias  stresses  applied 
on  gate  and/or  on  drain  contacts  (Table). 
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For  the  first  stress,  the  whole  region  under  the  gate  being  depleted,  the  trap  level  keeps 
above  the  Fermi  level  which  allows  full  Ionisation  at  low  temperature.  Eml33ion  and  capture 
times  become  then  so  Important  that  no  variation  is  visible.  The  capacitance  characteristic  Is 
close  to  the  room  temperature  one  and  the  threshold  voltage  value  remains  constant.  For  the 
second  stress,  some  electrons  tied  to  deep  donor  level  are  frozen  to  these  centers.  Thi3  makes 
them  unavailable  for  Ionization.  In  the  following  sequence,  a  drain  source  voltage  Is  applied 
to  the  sample  so  that  the  collapse  will  be  induced.  Resistances  In  the  gate  drain  region  and 
under  the  gate  greatly  increase.  In  the  high  field  region,  electrons  gain  energy  and  can  be 
captured  and  frozen  in  the  deep  level  traps  associated  with  the  multivalley  structure  in 
AlGaAs.  These  trapping  effects  occur  at  the  drain  side  of  the  gate  where  the  electric  field  Is 
the  highest,  after  electrons  have  jumped  the  heterojunction  barrier.  So,  if  electrons  still 
cold,  are  immediately  collected  In  the  cap  layer  of  the  drain  region  or  cross  a  slightly  doped 
AlGaAs  layer,  trapping  effects  such  as  collapse  cannot  then  be  developed.  Indeed,  no  drastic 
increase  of  the  drain  resistance  and  of  the  pinch-off  voltage  shift  are  observed  in  case  of 
the  third  sequence.  These  conclusions  are  also  verified  for  transistors  realized  by  MOCVD. 


Fig.  Ill  :  Microwave  transconductance  (fig.  III.l)  and  gate  capacitance 

(fig.  III. 2)  at  room  and  cryogenic  temperatures  for  typical  HEMT3 

Due  to  the  importance  of  defects  In  controlling  electronic  properties  of  HEMTs,  it  Is 
important  to  point  out  their  influence  on  microwave  small-signal  parameters  of  the  device.  An 
accurate  scattering  [sj  parameters  measurement  method  has  been  performed  at  77  K  and  the 
transistor  equivalent  circuit  Is  deduced  under  normal  bias  conditions.  At  low  temperature,  the 
transconductance  increases  by  about  30$  snd  the  evolution  with  the  gate  voltage  shows  a 
selective  variation  (fig.  III.l).  This  can  be  explained  by  a  slight  mobility  improvement  of  a 
poor  electron  density  in  the  AlGaAs  layer  when  the  channel  it  open!  Variations  of  gate-source 
capacitance  remain  nearly  constant  (fig.  III. 2)  and  result  in  an  enhancement  of  the  cut-off 
frequency  of  more  than  50$.  This  represents  the  typical  HEMT  behaviour  at  low  temperature  when 
no  collapse  phenomena  are  present. 


Fig.  IV  ;  Microwave  output  conductance  (fig.  IV.  1)  and  output  capacitance 
(fig.  IV. 2)  for  a  device  with  collapse  phenomenon. 
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The  trapping  effects  imply  a  large  decrease  of  the  microwave  transconduetanee.  A  pinch  off 
voltage  shift  around  0.3  V  modifies  the  evolution  with  gate-source  voltage  of  each  transistor 
parameters.  The  output  conductance  diminishes  (fig.  iv.l)  and  the  capacitance  variation  acgs 
is  enlarged  due  to  the  drain  resistance  increase  when  the  collapse  effects  occur.  Evolutions 
of  the  Cgd  (fig.  IV. 2)  vary  with  different  transistors  but  generally  increase  for  the  positive 
gate  voltages.  Comparison  between  microwave  and  static  transconductance  values  shows  for 
positive  gate  voltage  an  fi.F.  enhancement  which  is  also  observed  at  room  temperature.  This  can 
be  attributed  to  a  less  variation  of  electron  quantity  in  AlGaAs  at  high  frequencies. 


Fig.  V  i  Evolutions  of  the  carrier  velocity  (rig.  V.l)  and  cut-off 
frequency  (fig.  V.2)  at  room  and  cryogenic  temperatures. 

A  numerical  simulation  taking  into  account  the  nonstationnary  electron  dynamics  effects  for 
submicrometer  gate  transistor,  allows  us  to  evaluate  the  potentiality  or  microwave  HEMT 
performances  at  77  K.  The  3mall-signal  equivalent  circuit  parameters  for  each  bias  point  can 
be  determined.  Due  to  the  large  improvement  of  electron  dynamics  [5J  with  temperature  3hown  in 
fig. V. 1 ,  the  transconductance  increases  as  observed  by  experiments.  Inducing  a  large 
enhancement  of  the  intrinsic  cut-off  frequency  (fig.  V.2). 


CONCLUSION 

At  low  temperature,  HEMT  can  now  provide  I-V  characteristics  without  parasitic  phenomena  such 
as  collapse,  but  the  presence  of  deep-donor  level  in  AlGaAs  layer  perturbs  the  transistor 
behaviour  and  limits  the  low  temperature  Improvement  of  microwave  parameters  and  consequently 
cut-off  frequency  and  low  noise  performances.  An  optimal  structure  can  be  defined  In  replacing 
the  AlGaAs  material  by  several  epitaxial  layers,  reducing  the  access  source  contact  resistance 
and  Improving  electron  dynamics  by  the  use  of  ultra-short  gate  length. 
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MODELING  AND  PERFORMANCE  OF  DOUBLE  HETEROJUNCTION  GaAlAs/GaAs  INTEGRATED 
INJECTION  LOGIC.  FABRICATION  AND  DC  CHARACTERIZATION  OF  THE  BASIC  CELL 
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This  paper  first  presents  a  quantitative  estimate  of  the  potentialities 
of  the  GaAlAs/GaAs  H.I2L  which  relies  on  an  accurate  modeling  related  to 
physical  device  parameters.  The  interdependence  of  the  forward  and  reverse 
current  gains  of  the  DHBTs  processed  by  MBE  and  Mg- ion  implantation  which  is 
subsequently  analysed  provides  a  verification  of  the  charge-control  models 
used  for  this  evaluation. 


I  -  INTRODUCTION 

Single  and  double  heterojunction 
bipolar  transistors  have  stimulated  much 
interest  due  to  their  potentialities  as 
discussed  in  detail  by  KROEMER  [1J  and  to 
the  significant  progress  mode  in  device 
fabrication  technologies.  The  emitter/ 
collector  interchangeability  and  the  extra 
degree  of  freedom  in  device  design 
resulting  from  the  use  of  two  heterojunc¬ 
tions,  provide  DHBT's  with  basic  advantages 
-specially  in  the  case  of  saturated  logic 
circuits  such  as  Integrated  Injection 
Logic  (I2L)-that  may  be  listed  as  follows  : 
(i)  reduction  of  the  offset  and  saturation 
voltages,  (ii)  suppression  of  the  hole 
injection  from  base  to  emitter  and  collector, 
(iii)  reduction  of  the  depletion  junction 
capacitances  and  the  base  resistance.  Both 
the  discrete  DHBT's  and  the  H.I^L  circuits 
in  the  GaAlAs/GaAs  material  system,  have 
already  shown  promising  potentialities. 

The  purpose  of  this  paper  is  first  to 
provide  a  quantitative  estimate  of  the 
potentialities  of  this  technology.  The 
fabrication  and  characterization  of 
GaAlAs/GaAs  DHBTs  grown  by  molecular  beam 
epitaxy  with  Mg- implanted  external  base 
are  then  presented.  DC  analysis  is 
particularly  concerned  with  the  interpre¬ 
tation  of  the  interdependence  of  forward 
and  reverse  current  gains  which,  in  the 
case  of  I^L  logic,  correspond  to  the  first 
performance  criteria  that  have  to  be 
satisfied. 

II  -  MODELING  OF  DOUBLE  HETEROJUNCTION 

GaAlAs/GaAs  INTEGRATED  INJECTION 

LOGIC  AND  CIRCUIT  PERFORMANCE 

EVALUATION 

The  cross-sectional  view  of  the  basic 
gate  proposed  by  KROEMER  [1]  is  shown  in 
Fig. la.  It  is  realized  with  a  GaAiAs(N)/ 


GaAs(p)/GaAlAs(N)  mutilayer  structure 
which  defines  the  double  he teroj unction 
transistor  and  a  p+  implantation  which 
delimits  the  collector  surfaces.  Fig.  lb 
illustrates  a  typical  layout  for  the 
rectangular  narrow  gate  geometry  which  is 
considered  here  for  discussion  purposes. 
This  gate  geometry  exhibits  the  most 
severe  high  current  effects,  but  is 
popular  because  of  ease  of  layout  and  high 
density  considerations.  The  partitioning 
of  the  NpN  base  region  is  shown  with 
dashed  lines  for  a  fan-out  of  two  gate. 
Partitioning  in  this  manner  is  most 
convenient  for  parameter  assignment  to  the 
macromodel  ;  section  B  is  the  base  contact 
region  and  sections  and  C2  are  the 

"active"  regions  (usually  identical  because 
of  translational  symmetry  in  layout) . 

The  model  equations  are  cast  in  terms 
of  physically  meaningful  device  parameters 
and  are  applicable  at  all  current  levels. 
The  trade-off  between  accuracy  and 

minimization  of  simulation  time  has  led  us 
to  retain  the  lumped  model  illustrated  in 
Fig.  2c.  A  one -dimensional  model  was 
suitably  applied  to  represent  the 
intrinsic  part  of  DHBTs  because  emitter 
current  crowding  was  expected  to  be 
unimportant  for  its  inherently  high 

conductive  base  layer.  Both  "base  contact" 
region  and  "external  or  extrinsic  base" 

regions  are  also  represented  by  a  physical 
one -dimensional  diode  model.  Series 
resistance  was  introduced  to  account  for 
parasitic  elements  involved  in  the  merged 
multicollector  structure.  In  particular, 
to  account  for  series  resistance  base 

distribution  while  avoiding  excessive 
complexity,  the  DHBT's  intrinsic  parts 
have  been  "distributed"  around  the 

resistances  Rge  and  rge  as  shown  in  Figs 
2abc  With  this  layout  the  one -dimensional 
models  and  T'^  correspond  respectively 
to  half  the  intrinsic  cell  C^. 
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Figure  1  a)  Cross-section  of  an 
GaAlAs/GaAs  H.I^L  inverter  with  fan-out  of 
two  ;  b)  geometrical  layout  ;  c)  lumped 
macromodel . 


changes  in  the  processing  parameters  on 
the  circuit  performance  are  analysed.  This 
design  procedure  is  developped  so  as  to 
optimize  the  performance  over  a  wide  range 
of  currents.  The  evolutions  is  propagation 
times  as  a  function  of  the  injector 
current  calculated  with  "1  pm  and  2  pm" 
design  rules  are  given  in  Fig. 2.  It  can  be 
seen  that  with  a  minimum  delay  time  of 
about  120  ps  for  the  fan-out  of  one  and 
the  finest  structure,  the  calculated  power 
delay  product  was  of  the  order  of  2  fJ  for 
a  1  pm  consumption  per  gate.  Note  also  that 
a  fan-out  of  7  gate  defined  by  a  "2  pm" 
design  rule  still  yields  an  effective 
current  gain  of  16  and  a  noise  margin  of 
72  mV. 


Our  previously  proposed  DHBT  model  is 
defined  by  the  charge -control  formulation 
that  Is  based  on  the  macroscopic  drift- 
diffusion  motion  of  electrons  in  the 
emitter  and  collector  band  spikes  and  the 
quasi-neutral  base  region.  Our  convenient 
formulation  which  takes  into  account  both 
the  abrupt  and  graded  cases  of  CaAlAs/GaAs 
he teroj unctions  remains  compact  and 
relatively  simple.  In  particular  it  makes 
it  possible  to  predict  the  decrease  of  the 
injection  efficiency  or  of  the  base 
transport  factor  and  the  increase  of  both 
the  stored  charge  and  the  emitter- 
collector  offset  voltage  when  a  spike 
occurs  at  one  of  the  junctions. 

With  respect  to  double  heterostructure 
diodes  (DHDs) ,  an  approach,  in  every 
aspect  analogous  to  the  one  used  to 
establish  the  SHBT  and  DHBT  models,  allows 
calculation  of  the  charge  residual  storage 
in  the  low  GaAs  gap  zone  corresponding  to 
the  confinement  of  carriers  Induced  by  the 
isotype  GaAs(p)/GaAlAs(P)  heterojunction 
as  well  as  the  related  recombination 
current . 

By  using  our  physical  device  models 
that  accept  as  input  the  material  and 
device  fabrication  parameters  in  the  ASTEC 
1X1  (2]  circuit  simulator,  the  effects  of 


Figure  2  Propagation  delay-injector 
current  characteristics  for  one  and  seven 
collector"'  optimized  gates  using  2x2  jinr 
and  lxl  tim^  collector  areas. 


Ill 


FABRICATION  AND  DC 
OF  THE  BASIC  CELL 


CHARACTERIZATION 


A  schematic  drawing  of  the  Implanted 
DHBT  is  shown  in  Fig.  3.  The  thirteen- 
layer  structure  was  grown  by  MBE  on  a 
(100)  Si -doped  GaAs  substrate.  The  emitter- 
base  and  collector-base  he teroj unction  has 
a  graded  band  configuration  to  prevent  the 
occurrence  of  spike  barriers  which  would 
adversely  affect  the  injection  and 
collection  of  minority  carriers.  The  A1 
mole  fraction  and  the  linear  grading  width 
employed  for  the  emitter  and  collector 
regions  are  0.25  or  0.4  and  800  A 
respectively. A  800  A  GaAs  base  doped  with 
1  or  5xl03°cm'3  Be  matches  a  good  current 
gain  (base  transport  factor) -low  intrinsic 
base  resistance  tradeoff.  The  undoped  GaAs 
spacer  layers  of  200  A  were  Inserted 
between  base  and  emitter,  and  between  base 
and  collector  to  allow  for  Be 
redistribution  during  emitter  growth. 
Active  emitter  and  collector  are  doped 
with  Si  to  1016cm'3.  Finally,  2000  A  - 


L 
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thick  GaAs  cap  layer  doped  to  2x10  cm 
was  deposited  to  facilitate  formation  of 
ohmic  contact. 


Figure  3  :  Schematic  cross-section  of  MBE 
grown-Mg  implanted  GaAlAs/GaAs  DHBTs. 


The  P+  extrinsic  base-contact  region 
was  formed  by  selective  multi- implantation 
of  Mg  selected  so  as  to  maintain  a  flat 
profile,  (  -  10*^cm'3)  down  to  the  base 
layer  [3],  Rapid  thermal  annealing  was 
carried  out  in  order  to  minimize  the  base 
Be  diffusion. Au/Ge/Ni  and  Au/Zn  were  used 
as  ohmic  metals  for  n  and  p  regions , 
respectively.  The  device’s  active  areas 
were  defined  by  deep  chemical  etch.  The 
emitter-base  and  collector-base  junction 
areas  of  large-size,  circular  test  device 
are  1.2  10'^*  and  5.8  lO'^cnr  respectively. 


Figure  4  :  Typical  transfer  and  input 
characteristics  of  the  DHBT  operating  in 
forward  and  reverse  common-base  modes. 


Typical  Gummel  plots  of  a  device 
operated  in  both  emitter  up  (forward  mode) 
and  emitter  down  (reverse  mode)  configura¬ 
tions  are  show  in  figure  4.  As  expected, 
this  device  exhibits  a  perfectly 
symmetrical  behavior  in  regard  to  the 
transfer  of  minority  carriers  the 

characteristics  1(;(VBE)  and  lg(vBC^  are 
fully  superposed  and  exhibit  an  ideality 
coefficient  of  1  over  the  whole  range  of 
currents  for  which  the  influence  of  the 
contact  resistances  remains  negligible. 


With  respect  to  the  base  current,  both 
configurations  show  similar  behavior  with 
an  exp  (qV/2kT)  dependence  at  low  levels 
reflecting  the  recombination  surface 
effects  on  the  GaAlAs  extrinsic  base 
region. 


Figure  5  :  Output  characteristics  in  both 
forward  and  reverse  operation. 


Figure  6  :  Interdependence  of  the  forward 
an  reverse  current  gains  of  the  different 
devices  realized.  Comparison  with  eq.  (1) 
in  which  it  has  been  considered  that  rng^ . 

NABi/rnBe'NABe  “  1 ' 


Figure  5  shows  typical  forward  and 
reverse  output  characteristics.  The  best 
current  gains  (hfemax  =  500  and  hr  « 
100)  and  offset  voltage  (vCE0  =  3  mV) 
values  were  obtained  for  the  devices  with 
the  lowest  base  doping  level  (NAg  -  10*“ 
cm"3).  As  shown  in  figure  6,  the 
correlation  observed  between  the  maximal 
values  of  the  forward  and  reverse  current 
gains,  for  the  different  series  realized, 
constitutes  a  preliminary  experimental 
verification  of  the  theoretical  model 
which  provides  for  an  Interdependence 
relationship  of  the  type  : 
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in  which  and  »'n3e  represent  the 
electron  lifetime  in  the  intrinsic  and 
extrinsic  GaAs  base  regions.  Thus  it  is 
possible  to  confirm  the  influence  of  the 
parasitic  conduction  of  the  lateral  diode 
which  offsets  the  symmetry  of  behaviors  of 
the  implanted  DHBT. 

IV  -  CONCLUSIONS 

With  the  aid  of  this  modeling 
directly  related  to  physical  device 
parameters  and  the  results  of  a  study 
concerning  the  sensitivity  to 
technological  characteristics,  we  have 
discussed  optimization  criteria  and 
evaluated  the  potentialities  of  this  logic 
family.  The  presented  results  show  that 
for  a  structure  defined  by  a  design  rule 
of  "1  pm",  a  limit  propagation  time  of 
about  a  hundred  picoseconds  is  attained 
for  a  power  consumption  of  about  300  pW 
per  gate  and  a  merit  factor  of  about  2  fJ 
for  1  pW. 

Preliminary  results  on  double 
heterojunction  GaAlAs/GaAs  bipolar 
transistors  processed  by  MBE  and  Mg- ion 
implantation  have  been  presented.  The 
devices  making  up  the  basic  cell  of  the  H. 
I^L  exhibited  maximum  forward  and  reverse 


current  gains  of  500  and  100  respectively 
and  an  offset  voltage  as  low  as  3  mV.  The 
reported  characterization  chiefly  aimed  to 
analyze  the  interdependence  of  the  forward 
and  reverse  current  gains.  As  to  this 
point,  the  results  demonstrate  that  while 
the  parasitic  conduction  induced  by  the 
residual  storage  in  the  collector-base 
lateral  diode  must  be  taken  into  account 
to  insure  accurate  evaluation  of  the 
structure  potentialities  it  must  not, 
however,  become  a  major  drawback  in 
obtaining  an  inverse  gain  permitting 
correct  operation  of  I^L  (a  gain  of  100 
has  been  obtained  with  our  test-structures 
suffering  from  a  very  unfavorable  Ac/Ag 
ratio  of  approximately  5). 
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Resum4  -  Cet  article  presente  les  caracteristiques  d'une  diode  du  type  "camel", 
fabrique  en  GalnAs  sur  substrat  InP,  avec  un  facteur  d'  ideal  ite  de  1,6  a  1,7.  La 
hauteur  de  barriere  de  potentiel  est  0,44  eV.  Des  mesures  a  inversion  de  courant 
montrent  1 ' absence  de  temps  d'emmagas inage  et  un  retard  a  la  descente  de  660  a  740 
ps  pour  une  diode  de  50  pm  *  50  pm. 

Abstract  -  In  this  paper  we  present  a  camel  diode  in  GalnAs  on  a  InP-substrate  with 
an  ideality  factor  of  1.6  -  1.7.  The  barrier  height  is  0.44  eV.  Switching 
measurements  show  no  storage  time  and  a  fall  time  of  660  -  740  ps  for  a  50  pm  *  50  pm 
device. 


1  -  INTRODUCTION 

Majority  carrier  devices  in  GalnAs  should  have  good  high  frequency  performance  because  of 
the  very  lew  effective  electron  mass  (me*  =  0.041^).  Unfortunately  the  barrier  height  of 
metal/n-GalnAs  contacts  is  too  low  for  Schottky  contacts. 

Another  majority  carrier  diode  is  the  camel  diode  in  which  current  flow  is  controlled  by  a 
potential  barrier  in  the  bulk  of  the  semiconductor.  Therefore  the  electrical  properties  of 
this  diode  are  independent  of  the  electrical  and  metallurgical  properties  of  the  interface 
between  the  metal  and  the  semiconductor.  The  camel  diode  was  first  proposed  by  J.M.  Shannon 
/!/  and  has  been  realized  so  far  in  Si  and  GaAs  /2,3,4/.  It  consists  of  three  layers 
(n~  p+  n+) ,  where  the  thickness  of  the  p+  region  is  chosen  so  that  in  thermal  equilibrium 
this  layer  is  fully  depleted  of  free  carriers.  Fig.  1  shows  the  schematic  diagram  and  the 
potential  profile  of  a  camel  diode. 

Assuming  thermionic  emission  the  current-voltage  relationship  is  given  by: 

-^B  V 

lF=  A*A*T2-e  kT  -(e  "Vt  -  i) 

where  A  is  the  diode  surfaoe,  A*  is  the  Richardson  constant,  T  is  the  tenperature,  k  is  the 
Boltzmann  constant,  VT  is  the  tenperature  voltage  and  n  is  the  ideality  factor. 
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Fig.  1  -  Schematic  diagram  (A)  and  potential  profile 


(B)  of  a  camel  diode 


E^.:  conduction  band  edge 
jzig:  barrier  height 
V  :  applied  bias  voltage 
Ip:  diode  current 


2  -  DEVICE  FABRICATION 

Ihe  camel  layers  (n-  p+  n+)  are  grown  by  MBE  on  an  n+-InP  substrate.  The  doping  concentra¬ 
tions  and  the  layer  thicknesses  are  shown  in  table  1.  A  mesa  etching  is  performed  to 
determine  the  device  area.  A  mixture  of  HjSO^f^C^HjO  (1:1:10)  is  used  as  etching  solution. 
A  0.4  pm  thick  Si02  film  is  spinned  on  as  isolation  layer.  The  ohmic  contact  on  top  of  the 
device  is  performed  with  Cr/Au  (20nm/200nm) .  Indium  is  used  for  contact  on  the  substrate 
(Fig.  2). 


Table  1  Camel  diode  data 


layer 

Thickness/nm 

—  1 

doping  concentratioiycm 

rT 

800 

<  1016 

p+ 

15 

~  5*1018 

n+ 

200 

>  1019 

Fig.  2  -  schematic  diagram  of  a  GalnAs  camel  diode 
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3  -  MEASUREMENTS 


a)  I— V  measurements 

I-V  caracteristics  were  measured  on  diodes  with  different  areas.  The  current  in  the  forward 
direction  scales  with  the  diode  area,  which  proves  the  bulk  nature  of  the  current  (Fig.  3) . 
The  ideality  factor  n  is  1.6  to  1.7.  Ceil  eolations  shew  that  n  should  be  1.2. 


- 1 . 000  0  1 . 000 

V  .  2000/d  IV  (  V> 

Fig.  3  -  I-V  caracteristics 

diode  areas:  1:  400  pm2  3:  10  000  pm2 

2:  2  500  pm2  4:  40  000  pm2 

b)  I-T  measurements 

I-T  measurements  were  performed  to  determine  the  barrier  height,  jtfg  was  determined  as  0.44 
eV  at  a  bias  voltage  of  0.3  V  and  0.5  V. 

Using  the  barrier  height,  the  p-type  doping  concentration  is  determined  as  NA=3.5*1018  cm-3 
which  agrees  well  with  the  set  value  for  the  p-type  doping  concentration. 


c)  Diode  switching  measurements 

The  diode  was  switched  from  forward  to  reverse  current  and  the  transient  current  was 
measured.  Fig.  4  shews  that  there  is  no  storage  time.  The  reverse  current  reaches  a  maximum 
value  Ir^gjj  and  then  decreases  to  its  steady  state  value,  following  approximately  an 
exponential  curve.  The  fall  time  TF,  which  is  determined  as  the  time  interval  where  the 
current  to  fall  from  0.9*Irmax  to  0.1*Irmax,  is  660  to  740  ps,  dependent  on  the  forward 
current.  Absence  of  a  storage  time  indicates  that  there  is  no  minority  carrier  storage  and 
that  the  current  is  in  fact  due  to  majority  carrier  transport.  The  transient  behavior  of  the 
current  is  caused  by  -the  reverse  of  the  charge  in  the  space  charge  capacitance.  For  smaller 
geometries  faster  response  is  expected. 


4  -  CONCLUSIONS 

Majority  carrier  camel  diodes  have  been  fabricated  for  the  first  time  in  GalnAs,  grewn  by 
MBE.  The  ideality  factor  was  1.6  to  1.7  and  the  barrier  height  was  0.44  eV.  Switching 
measurements  shewed  that  the  current  is  due  to  majority  carrier  transport. 
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Ip/mA 


I/ns 


Fig.  4  -  Transient  current  through  the  diode  when  switched  from 
forward  to  reverse  bias 
diode  area:  2500  )jm2 

1:  IF  =  0  mA  (  =  0  A/an2)  Tp  =  660 

2:  IF  =  3  mA  (  =  120  A/an2)  Tp  =  700 

3:  Ip  =  10  mA  (  =  400  A/an2)  Tp  =  740 


PS 

PS 

ps 
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RESIST  SCHEMES  FOR  SUBMICRON  OPTICAL  LITHOGRAPHY 

F.  COOPMANS*  1  * 

IMEC  vzw,  Kapeldreef  75,  B-3030  Leuven.  Belgium 


R6sum6  -  Premibrement  on  essaie  d'expliquer  pourquoi  la 
lithographic  optique  avec  des  rdsines  positives  monocouche  est 
aujourd’hui  toujours  la  technique  dominante,  meme  pour  une 
resolution  submicronique.  On  indique  comment  les  matdriaux  et  les 
proc6d6s  ont  dt6  amdliords  pour  rdpondre  aux  exigences 
superieures  posees  par  les  mdthodes  de  fabrications  avancdes.  En 
suite,  nous  discutons  des  limitations  imposdes  par  l'dquipement  et 
les  proc£d6s  de  transfert  pour  des  dimensions  de  0.7pm  a  0.3pm . 
De  nouveaux  systfcmes  lithographiques  doivent  etre  utilises  pour 
obtenir  une  performance  maximale,  des  systfemes  bi-couche  ou 
pseudo-monocouche  sont  les  mieux  adaptes.  On  compare  leurs 
mdrites  et  des  aspects  d'impldmentation  en  fabrication. 


Abstract  -  In  this  paper  we  will  first  try  to  explain  why  optical 
lithography  with  single  layer  positive  resist  is  still  a  dominant 
technology  today,  even  for  submicron  resolution.  To  this  end  we 
will  indicate  how  the  materials  and  processes  have  been  improved 
to  cope  with  the  more  stringent  requirements.  Next  we  will  look  at 
the  future,  at  feature  sizes  under  0.7  pm  and  down  to  0.3pm.  For 
these  small  sizes  the  limitations  imposed  by  the  imaging  equipment 
and  the  transfer  processes  call  for  new  resist  systems.  The  type  of 
systems  that  are  most  promising  are  the  pseudo  monolayer  and 
bilayer  systems.  Their  relative  merits  are  compared,  and  issues 
relating  to  the  implementation  in  fab  environments  are  discussed. 


1- INTRODUCTION 

In  recent  years  several  new  resist  systems  have  been  introduced  for 
advanced  lithographic  applications.  Multilevel  systems,  antireflection  or 
contrast  enhancement  layers,  dry  developable  resists,  all  are  the  result  of 
intensive  research  in  micron  and  submicron  lithography.  The  strongly 
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increased  publication  volume  in  this  area  supports  the  increased  activity. 
The  evolution  of  the  'normal'  resists  has  less  glamorous  aspects  but  the 
improvements  in  performance  that  are  obtained  are  remarkable.  It  is  exactly 
because  of  these  improvements  that  the  single  layer  systems  managed  to 
maintain  a  leading  position  in  volume  fabrication  and  are  lfkely  to  do  so 
even  for  submicron  processing  down  to  0.8  pm. 

Nevertheless  as  feature  sizes  continue  to  shrink  the  thickness  and  flatness 
requirements  can  limit  the  usefulness  of  single  layer  systems.  Surface 
imaging  and  dry  transfer  will  be  necessary  to  reap  the  benefits  from  the 
improving  equipment  technology. 

We  will  first  discuss  the  very  basic  lithographic  requirements  and  the  trends 
in  single  layer  positive  resists  process  and  material  design. 

Secondly  we  will  show  by  refining  the  criteria  where  the  limitations  of  the 
standard  processes  lay  and  why  surface  imaging  and  dry  transfer  systems 
are  the  best  option  for  advanced  optical  lithography. 


2  -  BASIC  LITHOGRAPHIC  REQUIREMENTS 

The  formation  of  a  relief  image  in  a  photoresist  is  a  result  of  an  imaging 
action.  Obviously,  the  quality  of  the  relief  image  will  be  in  the  first  instance 
influenced  by  the  quality  of  the  aerial  image.  The  higher  the  modulation  (or 
the  contrast)  of  the  image  information,  the  more  relaxed  are  the 
requirements  for  the  resist.  It  is  'straightforward'  to  print  submicron  lines 
in  even  a  very  mediocre  resist  provided  the  image  contrast  is  high.  Therefor 
one  should  try  to  improve  the  imaging  system  first,  better  resist  systems  can 
subsequently  be  used  to  achieve  ultimate  performance  with  a  given  tool.  The 
resist  contrast  becomes  more  important  as  the  information  in  the  optical 
image  degrades.  At  the  resolution  limit  of  the  optical  projection  system  the 
image  contrast  is  inherently  low  and  a  high  contrast  resist  is  needed  to 
regenerate  the  image  and  produce  an  acceptable  relief  image.  High  resolution 
and  steep  sidewalls  drive  the  quest  for  high  contrast  materials. 

High  contrast  does  not  mean  a  good  latitude,  thresholdlike  behaviour  will 
transfer  all  variability  in  the  optical  image.  Particularly  dose  variations  due 
to  topography  (bulk  effect),  standing  waves  and  scattering  of  light  will  be 
accurately  printed  in  the  resist.  It  follows  that  high  contrast  materials  are 
more  useful  if  these  exposure  variations  can  be  avoided  or  compensated. 

The  exposure  tools  used  present  an  important  capital  investment  and  the 
sensitivity  of  the  resist  should  be  high  enough  to  allow  adequate  troughput. 
In  practice  this  issue  is  becoming  less  important  as  the  overhead  time  in  set¬ 
up  alignment  etc.  increases.  Where  sensitivities  under  100mJ/cm2  were 
normal  in  the  past,  the  trend  is  now  to  accept  values  up  to  200mJ/cm2 
provided  resolution  improvements  are  obtained.  Although  the  sensitivity 
seems  high  this  is  perhaps  the  most  relaxed  criterium,  in  other  imaging 
applications,  e.g.  dry  film,  printing  etc.,  the  imaging  materials  can  be  3  to  4 
decades  more  sensitive.  The  photopolymer  also  must  be  compatible  with  the 
semiconductor  processing  in  general  and  the  specific  application.  This  poses 
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stringent  criteria  in  terms  of  contamination  levels  (moving  into  the  ppb 
range).  Also  the  compatibility  with  the  substrates  e.g.  stress,  adhesion  must 
be  assured.  To  be  able  to  apply  the  same  material  to  a  variety  of  substrates 
(oxides,  metals,  semiconductors,  polymers)  different  coupling  agents  are 
used.  These  in  turn  have  to  maintain  the  same  contamination  levels  as  the 
resists. 

The  relief  image  is  used  to  transfer  the  pattern  into  the  active  layer  by 
etching  or  by  ion  implantation  and  a  certain  thickness  of  the  mask  is 
required  to  perform  this  process.  A  minimum  thickness  is  needed  at  all 

times  to  avoid  pinhole  formation.  In  addition  to  this  we  must  include  a 
topography  factor  as  the  material  thickness  on  the  step  is  usually  smaller 

than  the  nominal  thickness,  depending  on  the  characteristics  of  the 
topography  and  the  planarising  properties  of  the  polymer.  A  higher 
inherent  planarisation  efficiency  requires  more  resist  thickness.  To  this  we 
must  add  the  erosion  of  the  mask  during  etch  or  the  penetration  of  ions  into 
the  masking  material.  For  typical  cases  in  todays  semiconductor  fabrication 
this  results  in  a  minimum  resist  thickness  of  about  1  micron.  This 

requirement  is  very  severe  considering  that  the  features  we  want  to 

fabricate  are  of  the  same  size. 

Patterning  processes  often  generate  heat.  This  increase  in  temperature 
should  not  affect  the  shape  of  the  polymer  structures.  As  the  glass  transition 
temperature  of  novolak-based  resist  is  low,  process  temperatures  above 
120°  C  cause  deformations.  As  the  effect  is  due  to  plasticising  the  effective 
deformation  is  also  dependent  on  the  actual  geometry  of  the  structure.  The 
sidewall  angle  tends  to  decrease  more  rapidly  for  large  structures  than  for 
small  ones.  This  makes  the  linewidth  variation  after  e.g.  etching  dependent 
on  the  local  geometry.  This  limitation  is  caused  by  the  source  material  itself 
but  process  solutions,  e.g.  hardening  techniques  or  a  better  temperature 
control  in  the  patterning  processes,  can  be  used  advantageously. 


3  -  POSITIVE  OPTICAL  RESISTS  :  A  CONTINUING  STORY 

The  first  positive  optical  resist  materials  used  commercially  where  based  on 
'natural'  novolak.  Although  this  class  of  materials  was  the  first  one  to  be 
synthetically  reproduced,  a  huge  research  work  needed  to  be  done  to 
understand  and  improve  the  behaviour  of  the  materials  in  lithographic 
applications  and  to  produce  them  consistently.  Initially  the  resists  were  a 
simple  mixture  of  sensitiser  and  base  resin  in  an  appropriate  solvent,  but  in 
the  course  of  the  last  five  to  ten  years  dramatic  improvements  were  made. 
The  impact  of  this  activity  is  amplified  by  the  improvements  in  the  stepper 
design.  High  NA  lenses  and  better  focussing  systems  provide  high  contrast 
images  on  the  wafer  surface.  It  is  the  synergistic  development  of  material 
and  tool  that  explains  why  single  layer  resists  maintained  a  leading  position 
in  volume  fabrication  and  succeeded  in  pushing  back  the  introduction  of 
more  performing  resist  schemes  (multilevel)  and  even  new  techniques,  e.g. 
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x-ray.  We  will  indicate  some  of  the  items  that  are  important  in  the 
formulation  of  new  resists. 

3.1  FACTORS  OF  THE  RESIN  AFFECTING  PERFORMANCE 

Staying  with  cresol-novolak  systems  the  most  important  factors  that  can  be 
varied  to  impact  the  performance  are  the  molecular  weight,  the 
isomerisation  and  the  position  of  the  methylene  bond,  its  orientaton  in  the 
polymer  chain. 

Increasing  the  molecular  weight  will  decrease  the  overall  development  rate. 
This  decrease  is  proportional  for  the  exposed  and  unexposed  regions  so  that 
no  change  in  contrast  is  obtained.  It  is  clear  that  due  to  the  slower  develop 
rates  the  sensitivity  is  degraded. 

The  isomeric  structure  in  the  novolak  can  be  varied  by  incorporating  a  given 
percentage  of  ortho,  meta  or  para  components.  The  meta-para  ratio  has  an 
important  effect  on  the  development  rates.  An  increase  of  the  para 
component  strongly  decreases  the  development  rate  of  the  base  resin.  This 
effect  is  much  weaker  for  the  exposed  areas  and  so  this  ratio  influences  the 
contrast  of  the  resist. 

The  structure  of  the  polymer  with  respect  to  the  position  of  the  methylene 
bond  can  have  a  similar  effect.  It  was  reported  [1]  that  in  m-cresol  novolak 
with  highly  regular  ortho-bonding  position  the  dissolution  rate  of  the 
polymer  decreased  drastically.  This  effect  was  attributed  to  azocoupling 
reactions,  which  are  not  present  in  the  exposed  parts. 

In  table  1  [1]  we  give  a  summary  of  these  trends.  Although  several  other 
parameters  play  and  the  end  performance  is  interrelated,  the  table  presents 
a  possible  way  of  increasing  contrast  without  loosing  sensitivity. 


Resin 

factors 

Dissolution  rate 

Resist  performance  | 

Unexposed 

Exposed 

Contrast 

Sensitivity 

Molecular 

Weight 

* 

- ► 

— 

meta/para 
cresol  ratio 

ft 

f 

+ 

t 

methylene  bond 
position 

1 

- ► 

t 

—* 

Table  1  :  Impact  of  design  factors  on  lithographic  performance 
3.2  THE  PHOTOACTIVE  COMPONENT 

The  photoactive  compound  (PAC)  is  usually  based  on  naphtoquinonediazides. 
An  important  point  in  the  actual  performance  is  the  degree  of  esterification. 
If  the  sensitiser  is  made  polyfunctional  one  obtains  a  contrast  enhancement 


C4-727 


effect.  This  is  illustrated  in  figure  1  [2]where  we  show  the  transformation  of 
the  optical  modulation  function  into  the  modulation  of  the  relevant 
photoproduct  concentration.  For  a  tri-functional  photoactive  component 
(q— 3)  a  clear  contrast  increase  can  be  observed.  The  first  positive  resists 
used  typically  monofunctional  sensitisers,  the  application  of  bi-  and  tri- 
functional  materials  has  allowed  a  marked  increase  in  contrast.  Also  the 
incorporation  of  the  PAC  can  be  changed  from  simply  mixed  with  the  resin 
to  chemically  atatched  to  the  main  chain. 


Optical  modulation  transfer  function 

Figure  5  :  Theoretical  Contrast  improvement  with  multifunctional  sensitiser 

The  sensitiser  also  acts  as  a  bleachable  dye.  In  this  way  reflections  cannot 
be  completely  avoided  since  the  sensitiser  must  be  partly  converted 
(bleached)  to  function  as  dissolution  rate  enhancer.  To  reduce  reflections 
further  one  can  therefore  add  a  non-bleaching  dye.  This  approach  suffers 
some  drawbacks  :  the  side  wall  angle  will  decrease  and  the  sensitivity  of  the 
system  is  greatly  reduced.  Nevertheless,  resists  using  non-bleachable  dyes 
are  used  and  add  some  process  flexibility  where  reflective  notching  of 
patterns  is  important,  typically  at  metal  steps.  Attemps  to  increase  the 
functional  speed  of  dyed  systems  with  low  molecular  weight  speed 
enhancers  are  compromised  by  their  reduced  thermal  stability. 

3.3  THE  SOLVENT  SYSTEM 

Safety  regulations  are  imposing  changes  in  the  existing  solvent  systems.  The 
mostly  preferred  solvent  is  ECA  but  reports  concerning  health  hasards  have 
strongly  decreased  its  future  importance.  Possible  substitutions  are  PMA 
(propyleneglycolmethyletheracetate)  or  diglyme,  ethyllactate  and  several 
others.  Apart  from  the  solubility  and  handling  (and  cost,;  ,  the  remaining 
solvent  in  the  film  after  coating  and  prebake  is  very  important.  There  is 
appreciable  variation  among  the  different  solvents.  This  factor  affects  the 
adhesion  and  the  dissolution  of  the  unexposed  areas.  In  addition  to  the  main 
solvent,  a  number  of  co-solvents  can  be  used  e.g.  xylene. 
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propylenecarbonate  etc.  that  help  to  control  the  evaporation  rate  which  is 
important  for  the  spincoating  uniformity. 

3.4  ADDITIVES 

A  colourful  variety  of  additives  has  been  introduced  over  the  years.  We  will 
not  give  a  complete  list  but  simply  give  the  main  purpose  of  the  additives 
and  some  examples.  These  materials  are  obviously  part  of  the  black  magic 
that  goes  together  with  bringing  a  photoresist  to  the  market. 

Plasticicers  are  introduced  to  improve  the  coating  properties.  Planarisation 
is  influenced  by  these  additions.  Polypropylene,  phenoxy  resin, 
polyvinylmethylether  and  others  can  be  used  to  this  end. 

Apart  from  the  actinic  dyes  we  discussed  above  sometimes  also  colorants 
are  added  that  absorb  in  the  red  or  green.  These  additions  serve  to  facilitate 
better  alignment  precision  and  more  precise  measurements  with  automated 
optical  linewidth  systems.  They  avoid  stray  reflections  at  the  operating 
wavelengths  of  these  devices. 

Up  to  5%  adhesion  promotors  can  be  added  in  the  resist  to  enhance  the 

coupling  with  e.g.  doped  oxides  .  Typically  materials  containing  silane  groups 
are  used,  methyl-disilanemethyl -methacrylate  and  vinyltrichlorosilane  have 
been  used. 

Speed  enhancers  can  be  added  to  relatively  high  (perhaps  20%)  weight  ratio. 
These  additions  serve  to  increase  the  development  rate  of  the  basic  material 
and  are  of  acidic  nature  (pitric  acid,  nitrocinnamic  acid....).  Although  faster 
resists  suffer  from  reduced  contrast  and  more  erosion  in  unexposed  areas, 
this  can  cause  problems  on  extensive  topography. 

Another  component  that  can  be  used  is  typically  alkylphenoxy- 

(ethyleneoxy)ethanol  as  a  non  ionic  surfactant.  In  addition  to  this  some 
specific  anti-striation  agents  (a  few  weight  percent)  can  be  added  if  desired. 
The  combination  of  all  these  products  makes  the  tuning  of  formulations  for 
specific  tasks  possible.  The  difficulty  that  remains  is  the  design  of  one  single 
resist  that  can  be  used  in  all  applications... 

3.5  THE  DEVELOPER 

To  comply  with  the  contamination  requirement  the  older  metal-hydroxide 

based  materials  must  be  abandoned  and  people  turned  to  ’metal  ion  free’ 

e.g.  TMAH  type  developers.  The  characteristics  of  these  developers  are  quite 
different  and  new  optimisation  was  necessary.  Typically  contrast  is  degraded 
when  using  a  TMAH-type  material  while  maintaining  sensitivity. 

A  technique  for  improving  resist  contrast  that  has  become  popular  makes 
use  of  diluted  developer.  Because  the  developer  is  weaker  the  sensitivity  of 
the  process  is  reduced.  A  20%  dilution  can  produce  as  much  as  a  100% 
decrease  in  sensitivity.  Therefore  this  approach  contains  a  tradeoff  between 
speed  and  resolution  and  is  most  interesting  when  one  operates  at  the 
resolution  limit  of  the  exposure  system.  There  is  a  strong  trend  in  advanced 
production  to  sacrifice  troughput  for  resolution  and  allow  resist  systems  to 
work  with  sensitivities  up  to  200  mJ/cm2  . 
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Another  approach  to  improving  the  developer  action  is  to  add  surfactants 
that  enhance  the  selectivity  between  the  exposed  and  unexposed  parts  due 
to  the  different  degree  of  polarity.  Also  additions  are  possible  that  improve 
the  removal  of  residues  e.g.  out  of  small  contact  holes.  These  additions  can 
be  complemented  by  processing  refinements  such  as  double  step 
development. 

3.6  CONCLUSION 

In  general  the  largest  gain  is  obtained  from  carefully  optimising  the  resist 
and  developer  composition  together.  This  requires  large  amounts  of 
formulation  and  experimentation.  The  tuned  resist  materials  and  developers 
play  with  the  equilibrium  between  the  etching  and  cross-linking  or 
'reticulation'  of  the  resist  by  the  developer.  This  results  in  fast  vertical 
development  and  passivation  of  sidewalls  to  prevent  erosion  that  leads  to 
sloped  profiles.  Tuned  systems  therefor  minimize  the  bulkeffect  giving 
excellent  profiles  and  improved  process  latitude,  the  interference  effect  is 
however  not  compensated.  The  combined  impact  of  these  improvement 
makes  these  resist  systems  applicable  in  1  and  4  megabit  type  technologies. 


4  -  LIMITATIONS  IMPOSED  BY  OPTICS  AND  APPLICATIONS 

What  holds  the  future  for  optical  lithography?  To  answer  this  question  we 
must  investigate  more  closely  the  limitations  imposed  by  the  projection 
equipment  and  the  applications  that  must  be  supported.  We  will  adress 
issues  as  far  as  they  are  important  for  the  resist  systems  used,  which  means 
that  some  important  limitations  e.g.  field  size  and  overlay  are  not  considered 
here. 

4.1  RESOLUTION 

In  optical  projection  systems  for  lithografic  applications  the  minimum 
Iinewidth  (W)  that  can  be  printed  is  usually  given  by  W=  vX/NA.  Where  NA 
is  the  numerical  aperture  of  the  optics  and  k  a  'constant'  that  incorporates  a 
number  of  imaging  and  processing  effects,  e.g.  contrast  of  resist.  Obviously 
higher  resolution  is  obtained  by  using  shorter  wavelengths  and  higher  NA 
optics.  Starting  initially  with  g-line  exposure,  proven  equipment  is  now 
available  for  i-line  (365  nm)  and  also  deep-uv  (248  nm)  steppers  are 
emerging.  Lenses  have  been  fabricated  with  a  NA  above  0,6  for  g-line  and 
the  same  is  possible  in  i-line.  For  248  nm  lenses  with  a  NA  in  the  0.5  range 
are  feasible.  This  implies  a  basic  resolution  capacity  down  to  0,4  pm  for  i- 
line  and  0,3pm  with  deep-uv  optics,  assuming  a  x-value  of  0.65. 

The  resist  material  itself  presents  no  problem  at  these  geometries,  its 
fundamental  resolution  limits  are  defined  by  the  chain  size  and  this  is  still 
small  compared  to  these  feature  sizes.  Therefore  we  can  conclude  that  in 
principle  the  resolution  is  limited  by  the  optical  information  present  in  the 
resist  material.  As  maximum  resolution  is  achieved  at  short  wavelengths  we 
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must  also  assure  that  the  materials  are  sensitive  enough  in  this  range.  The 
novolak  systems  have  a  serious  drawback  with  the  high  absorbance  of  the 
resin  at  these  wavelengths. 

4.2  THE  DEPTH  OF  FOCUS  (DOF) 

Two  aspects  must  be  discussed  and  compared,  the  actual  depth  of  focus  of 
the  projection  tool  and  the  image  depth  required  by  the  application. 

The  depth  of  focus  is  in  practice  controlled  by  a  large  number  of  parameters 
e.g.  X,  NA,  the  degree  of  coherence,  abberations,  stray  light,  vibration  and 
also  the  shape  and  density  of  the  patterns  projected.  Usually  the  simplified 
relationship  DOF  =  k'  A./NA2  is  employed  where  k'  is  chosen  to  incorporate 
all  degrading  parameters.  Clearly  the  DOF  decreases  rapidly  with  high  NA 
optics  and  shorter  wavelengths.  For  the  two  maximum  resolution  lens 
systems  mentioned  above  (i-line  and  deep-uv)  we  find  a  DOF=  0.7  pm.  The 
actual  budget  that  is  required  is  again  a  sum  of  different  contributing 
factors.  Resist  thickness,  wafer  topography,  wafer  and  mask  flatness, 
precision  of  focus  setting  and  tilt.  Topography  and  resist  thickness  account 
for  the  largest  part,  around  1.5  pm.  The  other  factors  contribute  about  1  pm 
in  ’■eduction  optics.  As  we  discussed  in  section  2  we  allways  need  a 
minimum  mask  thickness  of  about  1  pm,  which  means  that,  even  if  we 
reduce  all  the  other  factors  to  zero,  the  defocus  will  limit  the  performance. 
From  this  we  conclude  that  we  must  introduce  resist  systems  that  allow 
image  formation  in  a  thin  surface  layer  to  push  this  limit.  For  a  more 
detailed  overview  of  the  DOF  issue  and  its  relation  to  resolution  we  refer  to 
reference  3. 

4.3  THE  IMAGE  COUPLED  INTO  THE  RESIST 

The  image  as  projected  is  distorted  in  the  resist  by  standing  wave  effects, 
scattering  of  light  and  absorption.  Even  in  high  contrast  situations  these 
effects  can  degrade  the  fidelity  of  the  image.  The  standing  wave  effect 
particulary  affects  the  total  dose  absorbed  locally,  while  the  stray  reflections 
introduce  faulty  image  information.  The  bulk  effect  can  pose  problems  when 
the  topography  on  the  wafer  is  large.  In  addition  the  absorbtion  increases  as 
the  wavelength  goes  down  for  the  common  positive  resists.  This  makes  it 
unpractical  to  fully  expose  a  1pm  thick  layer  of  material  in  deep  uv.  To 
overcome  all  these  effects  it  is  necessary  to  absorb  all  radiation  in  a  surface 
layer,  a  different  technique  is  than  needed  to  transfer  the  pattern  down  into 
the  whole  masking  polymer. 

5.  RESIST  SCHEMES 

In  this  last  section  we  will  discuss  how  creative  thinking  has  introduced  a 
variety  of  techniques  to  overcome  the  limitations  mentioned  in  the  previous 
section.  We  do  not  pretend  to  present  a  complete  list  of  possibilities,  but  we 
cover  what  we  feel  are  the  important  players  in  the  different  cathegories.  In 
table  2  we  summarise  the  comparison  between  all  these  systems  in  terms  of 
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performance  increase  over  a  standard  positive  resist.  For  reference  we  have 
included  x-ray  imaging.  Although  excellent  results  are  obtained  the  overall 
complexity  of  the  technology  e.g.  mask-making,  synchroton  source,  is  such 
that  it  cannot  favourably  compete  with  optical  lithography. 


RESOLUTION 

REFLECTION 

BULK  EFFECT 

FOCUS 

CONTRAST 

LATITUDE 

COMPLEXITY 

INVESTMENT 

DYEO  RESIST 

SMALL 

YS 

to 

to 

to 

Yes 

LON 

to 

RESIST  ♦  ARC 

MEDIUM 

YES 

to 

to 

to 

WORSE 

MEDIUM 

SMALL 

MUSE  REVERSAL 

MEDIUM 

YES(DYE) 

MEDIUM 

SMALL 

MEDIUM 

to 

MEDIUM 

SMALL 

TRI-LEVEL 

V.HIGH 

YES(DYE) 

YES 

YES 

YES 

WORSE 

V.  HIGH 

MEDIUM 

CEM 

HGH 

SMALL 

MEDIUM 

MEDIUM 

YES 

yes 

MEDIUM 

SMALL 

PCM(DRY) 

UGH 

YES(DYE) 

YK 

YES 

YES 

to 

MEDIUM 

MEDIUM 

DESIRE 

V.HIGH 

YESfDYE) 

YES 

YES 

YES 

YES 

MEOIUM 

MEOIUM 

S*RE 

HGH 

YES(DY£) 

YB 

YES 

YE> 

SCAE 

HGH 

MEOIUM 

NEWFOS.  RES. 

MEDIUM 

tO 

MEDIUM 

to 

MEDIUM 

MEDIUM 

LOW 

to 

X-RAY 

ULTRA-HIGH 

yes 

YES 

YES 

YES 

YES 

V.HIQH{MASK) 

V.HIGH 

Table  2  :  Comparison  of  improvements  obtained  with  different  resist 
systems. 

5.1  IMPROVING  THE  COUPLING 

A  first  group  of  systems  tries  to  overcome  the  limitations  introduced  by 
interference  effects  and  low  image  contrast. 

Interference  can  be  controlled  by  adding  a  dye  to  the  resist.  The  beneficial 
effect  is  however  counteracted  by  an  increased  bulk  effect.  Therefor  the  dye 
concentration  is  optimised  so  that  reflective  notching  is  somewhat 
suppressed  but  speed  and  sidewall  angle  are  still  acceptable  [4,5]. 

One  can  avoid  the  increase  in  bulk  effect  by  coating  a  anti-reflective  layer 
(ARC)  prior  to  spinning  the  resist.  This  implies  the  complexity  of  a  bi-layer 
system. 

A  contrast  enhancement  material  (CEM)  can  be  added  on  top  of  the  resist 
layer.  Due  to  its  nonlinear  bleaching  characteristic  this  layer  restores  the 
contrast  of  the  aereal  image  [6].  This  introduces  all  the  benefits  from  high 
illumination  contrast  e.g.  improved  latitude  and  high  resolution  but 
reflections  are  not  countered. 

All  these  techiques  can  be  combined  and  have  proven  usefull  for  repairing 
specific  situations  but  none  of  them  tackles  the  DOF  issue. 

5.2  REVERSING  THE  IMAGE 

By  using  a  wet  developed  image  reversal  resist  a  number  of  improvements 
are  seen  [7,8],  The  process  consists  of  an  expose-bake-expose-develop 
sequence.  During  the  bake  and  the  second  exposure  the  deviations  in  the 
first  imagewise  exposure  can  be  countered.  This  technique  allows  excellent 
control  of  the  bulk  effect  and  gives  reasonably  high  contrast.  The  chemical 
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conversion  during  the  reversal  bake  smooths  the  reflection  effects  and 
notching  is  somewhat  suppressed  by  the  second  exposure  (if  wanted  a  dye 
could  be  added)  .  This  system  is  relatively  simple  and  shows  improvements 
in  nearly  every  aspect  over  the  positive  resists.  Unfortunately  the  DOF 
criterium  for  low  thickness  and  topography  is  not  met.  However  this 
technology  is  a  strong  contender  if  an  intermediate  solution  is  needed. 

5.3  GOING  DRY 

By  decoupling  the  imaging  and  the  masking  function  we  can  push  the  DOF 
limit.  The  original  systems  that  were  used  contained  three  layers  [9] .  A 
planarising  botom  layer  that  also  functions  as  the  actual  mask  and  as  an 
ARC,  a  thin  top  resist  to  produce  a  shallow  relief  image  and  a  buffer  layer 
inbetween  to  facilitate  the  transfer  of  the  relief  image  into  the  bottom  layer. 
The  bulk  effect  was  totally  avoided  by  using  anisotropic  dry  etching  as 
transfer  technique.  The  big  drawback  of  these  systems  obviously  is  the 
complexity.  Therefore  the  quest  was  to  reduce  the  number  of  layers  and 
processing  steps  without  losing  performance. 

Bilayer  systems  (PCM)  using  wet  transfer  were  enhanced  by  using  a  oxygen 
etch  resistant  top  resist  [10].  These  resists  are  unfortunately  difficult  to 
formulate  and  to  work  with,  although  deep-vu  sensitivity  is  no  problem.  The 
contrast  and  compatibility  of  the  organometallic  resists  used  are  still  a  cause 
for  scepticism.  Here  also  the  botom  layer  serves  the  same  purpose  as  in  the 
tri-level  system. 

In  our  opinion  the  systems  that  modify  the  resist  after  exposure  are 
inherently  more  promissing  because  the  imaging  action  is  not  compromised 
by  the  presense  of  metallic  componants.  Two  types  of  gas  phase 
functionalised  systems  are  shown  in  figures  2  and  3  below. 

The  first  one  is  a  bi-layer  technique  (SABRE-  Silicon  Added  Bilayer  Resist) 
[11],  In  the  broad  sense  this  structure  can  work  either  in  positive  or 
negative  mode  depending  on  the  choise  of  the  materials  and  behaves  like  a 
PCM  type  system.  The  difference  is  that  the  metallic  compound  is  introduced 
by  diffusion  from  gas  phase  after  the  formation  of  the  relief  image  in  the 
resist.  Some  drawbacks  of  this  scheme  are  in  the  wet  development  step  that 
is  still  needed  and  in  the  possible  formation  of  a  interfacial  layer  that  causes 
residue  or  hinders  the  silylation  process.  Nevertheless  this  technique  can 

work  with  adapted  positive  resists  as  a  thin  high  contrast  top  layer  and 

should  give  outstanding  performance. 

The  ultimum  form  of  back  integration  is  presented  by  pseudo-monolayer 
systems  as  in  the  DESIRE  (  Diffusion  Enhanced  Silylating  Resist)  scheme 
[12,13,14].  Here  a  dyed  single  layer  of  resist  functions  as  planarising  layer, 
ARC  and  mask  but  at  the  same  time  a  thin  surface  region  of  the  same  layer 

mimics  a  thin  high  contrast  resist.  After  a  shallow  exposure  the  material  is 

selectively  silylated  and  the  relief  image  is  obtained  by  anisotropic  dry 
transfer.  This  system  overcomes  all  the  image  coupling  problems  and  can  be 
used  in  deep-uv.  Also  the  DOF  limit  is  not  constrained  by  resist  thickness, 
only  the  exposure  depth  (typical  about  300nm)  is  relevant.  This  makes  its 
performance  similar  to  the  multilevel  systems  while  remaining  a  single 
layer  technique.  The  materials  used  can  be  very  close  in  composition  to 
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common  positive  resists  and  this  is  advantageous  for  formulation  and 
compatibility. 
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Figure  2  :  SABRE  process  flow  Figure  3  :  DESIRE  process  flow 


5.4  IMPLEMENTATION 


The  implementation  of  these  new  resist  systems  in  fabrication  lines  should 
produce  a  minimal  distortion  of  the  accepted  ways  of  working.  The  ARC,  CEM 
and  image  reversal  systems  ail  use  wet  development  and  use  existing 
equipment.  However,  from  the  discussion  above  we  know  that  to  take  full 
advantage  of  the  possibilities  of  an  advanced  stepper  we  must  turn  to 
bilayer  or  DESIRE-like  systems.  The  introduction  of  these  techniques  has 
been  hampered  by  the  availability  of  suitable  production  equipment  to 
support  the  silylation  and  etching  processes.  For  both  steps  increasing 
activity  is  seen  and  dedicated  tools  are  being  developed  for  single  wafer  in¬ 
line  operation. 


6.  CONCLUSION 

Working  resolution  in  the  range  from  1-0.7  pm  can  be  achieved  by  advanced 
positive  resists  and  additives  or  by  investing  in  high  performance  steppers. 
From  0.5-0.3pm  only  surface  imaging  systems  can  comply  with  the  DOF 
requirements  and  they  will  dominate.  In  the  mid  range  from  0.7-0.5pm  the 
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battle  is  on  between  positive  resists,  image  reversal  and  surface  imaging 
systems.  The  selection  will  be  strongly  impacted  by  the  will  to  invest  first  in 
resist  system  technology  rather  than  in  steppers  (deep-uv).  Ultimately  both 
camps  must  join  forces  to  reach  the  subhalfmicron  regime. 
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HALF-MICROMETER  N-MOS  TECHNOLOGY  FOR  GIGABIT  LOGIC 


G.  GUEGAN,  M.  LERME,  J.  GAUTIER,  M.  GUERIN,  S.  TEDESCO,  B.  DAL'ZOTTO 
and  G.  REIMBOLD 

Division  LET1,  IRDI,  DMEL/S.MSC.  CENG,  85X,  F -38041  Grenoble  Cedex, 
France 


Rgsumfi  -  En  vue  de  situer  les  performances  des  technologies  N-MOS,  un  assemblage  N-MOS 
0.5  fim  (Enrlchl/Depiete)  a  ete  mis  au  point.  Les  rdsultats  dynamiques  mesures  sur  un  ad- 
dltlonneur  trols  bits  boucies  sont  compares  avec  les  performances  d'autres  fllleres. 

La  frequence  de  fonctlonnement  de  1  GHz  alnsl  obtenue  est  supgrleure  a  celle  mesuree 
avec  une  technologle  GaAs  LPBFL  dont  la  longueur  de  grille  est  senslblement  plus  eievee 
pour  une  puissance  consommee  simllaire  et  un  mSme  nombre  de  nlveaux  logiques  (10). 


Abstract  -  In  order  to  point  out  the  performances  of  NMOS  technology,  a  fully-scaled 
0.5  pi  enhanceraent/deoletion  NMOS  process  was  integrated  and  compared  with  other  techno¬ 
logies,  using  the  same  test  circuit  :  a  three  bit  feed-back  adder.  The  average  experi¬ 
mental  maximum  frequency  of  operation  is  1  GHz  which  Is  better  than  results  obtained 
on  GaAs  LPBFL  for  about  the  same  power  consumption  and  number  of  logic  layers  (10)  but 
lightly  shorter  gate  length. 


1  -  INTRODUCTION 

Many  submicrometer  MOSFET  designs  which  have  been  published  show  a  large  interest  In  the  fa¬ 
brication  of  very  small  FET  structures  to  explore  the  performance  limits  of  different  techno¬ 
logies.  The  objective  of  this  study  Is  to  report  electrical  performances  of  very  high  speed 
circuits  based  on  0.5  pa  silicon  N-MOS  technology.  38  ps  propagation  delay  time  and  11  fJ  po¬ 
wer  delay  product  were  achieved  from  standard  101  stages  ring  oscillator.  A  ripple  carry  3-blt 
feed-back  adder,  which  has  also  been  designed,  performs  a  maximum  experimental  working  frequen 
cy  of  1.02  GHz.  This  performance  Is  compared  with  results  from  the  same  circuit  realized  with 
other  technologies  (GaAs  -  STL  -  Cryogenic  NMOS). 


2  -  DEVICE  FABRICATION 

The  design  rules  of  this  NMOS  technology  was  obtained  by  a  factor  2  shrink  of  a  previously  op¬ 
timized  1  urn  technology.  Geometrical  and  process  charac teristlcs  are  summarized  In  table  1. 


Table  1  -  Geometrical  and  process  characteristics 


lam 

O.Sjra 

Lithography 

optical 

B-bean 

Supply  voltage 

V 

5 

3 

Gate  langth 

1 

0.5 

Channel  langth 

#»■ 

0.8 

0.35 

Gata  o«id« 

nn 

25 

15 

Junction  depth 

pm 

0.22 

0.17 

Channel  width  pm 

enhancement  dew ice 

9 

4.5 

Depletion  device 

5.5 

2.75 

Bole  contact 

1.4 

0.7 
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Degradation  of  the  active  MOSFET's  due  to  hot  carrier  generation  is  one  of  the  key  point  of 

submicron  design  rules.  To  achieve  this  requirement  a  solution  used  in  this  work  is  to  scale 

the  power  supply  voltage  down  to  3.0  V  which  has  been  recognized  as  a  new  standard  power  sup¬ 
ply  voltage  for  the  near  future.  This  approach  simplifies  the  process  by  avoiding  lightly  do¬ 
ped  drain  or  double  diffused  drain  and  lead  to  high  drain  drlvlblllty.  For  that  channel  do¬ 
ping  profile  and  source,  drain  profiles  were  optimized  to  avoid  punchtrough  current  for  3  V 
supply  voltage.  Wafers  were  fully  exposed  by  E-beam  direct  write  on  all  levels.  A  trilayer 
resist  system  was  used  for  gate,  contact  and  metal  levels  with  either  negative  (CMS)  or  posi¬ 
tive  (WX  214)  E-beam  resist  depending  on  the  level  tone.  In  order  to  obtain  a  low  gate  resis¬ 
tance,  tantalum  polycide  was  chosen  as  gate  material  with  a  sheet  resistance  of  1.8D/n.  For 
scaling  consideration,  0.17  pm  source-drain  junction  depth  was  obtained  by  Arsenic  implant 
with  a  measured  sheet  resistance  of  72.fl/a  .  Different  doses  for  depletion  channel  Implant 
were  performed  in  order  to  reach  either  a  high  speed  or  a  low  power  dissipation.  Process  li¬ 
mits  were  checked  by  overetching  the  gate  level  on  given  wafers. 


3  -  RESULTS  AND  DISCUSSION 

Drain  current  versus  drain  voltage  of  a  typical  enhancement  MOS  transistor  is  plotted  in 
Fig.  1.  These  electrical  device  characteristics  are  in  good  agreement  with  predictions  and 
optimization  criteria  :  Vf-0.75  V,  sub-threshold  slope  -  100  mV/decade,  BVDSS  >  4  V,  DC 
transconductance  Gm  of  122  mS/mm.  Short  channel  effects  are  minimized  and  both  lithography 
and  etching  controls  are  excellent  :  the  mean  value  and  the  standard  deviation  of  the  channel 
length  for  the  typical  gate  are  respectively  0.383  pm  and  11  nm  (Fig. 2).  Hot  carrier  Induced 
degradation  tests  of  the  devices  show  that  a  10  years  life  time  is  obtained  without  LDD  on  a 
worst  case  0.4  pm  gate  length  for  3  V  operating  voltage.  However  an  Increase  of  the  supply 
voltage  would  need  the  use  of  LDD  structure  III . 

******  GRAPHICS  PLOT  ***** 


Fig.l  -  ID  vs  VD  as  a  function  of  VG  for  an  enhancement  device  with 
Leff  “  0.35  pm,  Weff  -  19  pm 


Liff  •  1.3*3  fk  <T.|M* 


Fig. 2  -  Statistical  results  of  channel  length 


0-739 


Ring  oscillators  with  different  loading  conditions  were  processed  and  tested.  Gate  delay  mean 
value  for  FT  «  FO  -  1  is  47  ps  (<T»  1.7  ps)  and  a  33  fJ  power  delay  product  for  3  V  supply 
voltage  was  achieved.  Best  speed  performances  are  measured  on  overetched  wafers  :  in  this  ca¬ 
se  the  channel  length  is  0.27  pm  and  a  36  ps  propagation  delay  time  was  achieved.  Ring  oscil¬ 
lators  work  for  supply  voltage  down  to  1.8  V  and  in  these  conditions  very  low  power  delay 
product  was  measured  :  11  fJ.  These  results  are  favorably  compared  with  other  N-MOS  dynamic 
performances  obtained  with  different  lithographic  tools  (e-beam  111,  X-ray  111,  ion  Beam  /4/ , 
optical  lithography  / 5 /  /6/  in  Fig.  3. 


power  /  stage  (mW) 


Pig. 3  -  T"p  -  P  results  for  different  N-MOS  technologies 
•E-beam- a  optical-  o ion  beam-X  xray 

Ring  oscillators  have  the  advantage  of  the  simplified  design  but  restricted  meaning  on  their 
dynamic  performance.  So  in  order  to  have  a  more  significant  comparison  with  results  obtained 
with  different  technologies,  a  3-bit  feed  back  adder  has  been  choosen  as  a  better  demonstra¬ 
tor  circuit  because  it  requires  combinatorial  and  sequential  logic  (block  diagram  is  shown  in 
Fig.  4).  This  circuit  adds  two  3-bit  numbers  A  and  B.  The  sum  Sj,  S2,  S3  and  carry  are  injec¬ 
ted  back  to  the  Inputs  by  four  conventional  6  NOR  gates  D  flip-flop.  The  adder  speed  is  the 
maximum  clock  frequency  for  which  the  adder  works.  A  SEM  view  of  this  circuit  processed  with 
1  pm  N-MOS  and  0.5  pm  N-MOS  technology  is  shown  in  Fig.  5.  A  maximum  measured  frequency  of 
1.02  GHz  for  a  44  mW  power  consumption  was  obtained.  Fmax  -  P  chart  (Fig.  6)  shows  that  the 
adder  speed  with  half-pm  N-MOS  technology  is  the  fastest,  even  compared  to  LPBFL  GaAs  3  bit 
adder  circuits  /7 /  (2  pm  design  rules  -  0.6  pm  channel  length)  or  cryogenic  N-MOS  IS/. 


Pig. 5  -  SEM  picture  of  1  pa  and  0.5  pa  3-bit  adder 
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Fig. 6  -  Fmax  -P  results  for  different  technologies 
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4  -  CONCLUSION 

A  0.5  pm  N-MOS  process  for  high  speed  circuits  has  been  developed.  Process  was  well  controled 
and  a  Gigabit  logic  circuit  was  realized  as  a  demonstrator.  The  performances  are  among  the 
best  ones  reported  (Tp  =  38  pS,  PTp  =■  11  fj,  1.02  GHz  clock  frequency  for  3-bit  feed  back 
adder)  and  can  even  be  favorabily  compared  with  performances  achieved  with  GaAs  technology. 


ACKNOWLEDGEMENTS 


This  work  has  been  supported  by  DRET  contract. 

The  autors  would  like  to  thank  the  different  teams  of  D.LETI  -  SMSC  for  device  processing  and 
testing . 

REFERENCES 

/ 1 /  G.  Relmbold  et  al. 

"Hot  electron  reliability  of  half-micron  MOSFETs" 

ESSDERC  88 

111  M.R.  Wordeman  et  al. 

"A  Fully  Scaled  Submicrometer  NMOS  Technology  Using  Direct-Write  E-Beam  Lithography" 

IEEE  Transactions  on  Electron  Devices  ED-32  N°  11  -  Nov.  1985 
/ 3 /  G.W.  Taylor  et  al. 

"A  comparison  of  Si  MOSFET  and  GaAs  MESFET  Enhancement/Depletion  Logic  Performance" 

IEEE  Transactions  on  Electron  Devices  ED-32  -  N°  9  -  Sept.  1985 
/4 /  H.  Morlmoto  et  al. 

"Submicrometer  -  gate  MOSFET' s  by  the  Use  of  Focused  Ion  Beam  Exposure  and  a  Dry 
Development  Technique" 

IEEE  Transactions  on  Electron  Devices,  ED  34  -  N°  2  -  Feb.  1987 
151  W.  Fichtner  et  al. 

"A  Submicron  NMOS  technology  suitable  for  low  power  High  Speed  circuits" 

IEDM  1985 

76/  H.  Inokawa  et  al. 

"A  Submicrometer  Lifted  Dif fused-Layer  MOSFET" 

IEEE  Electron  Device  Letters,  Vol.  EDL.  8-  -  N*  3  -  March  1987 
17/  A.  Mltonneau  et  al. 

"Direct  experimental  comparison  of  submicron  GaAs  and  Si  NMOS  digital  IC's" 

GaAs  IC  symposium  -  BOSTON  1984 
/8/  P.  Glories  et  al. 

"A  High  -  Performance  N-MOS  Adder  Designed  for  optimized  Cryogenic  Operation" 

IEEE  Journal  of  Solid-State  Circuit  -  SC  21  -  N°  3  -  June  1986 


JOURNAL  DE  PHYSIQUE 

Collogue  C4,  supplement  au  n’9.  Tome  49,  septembre  1988 


C4-741 


OPERATION  OF  MAJORITY  AND  MINORITY  CARRIER  MOSFET'S  AT  LIQUID  HELIUM 
TEMPERATURE 


B.  DIERICKX,  E.  SIMOEN,  J.  VERMEIREN  and  C.  CLAEYS 

IMEC,  Kapeldreef  75,  B-3030  Leuven,  Belgium 

Resua£  -  L'operation  de  transistors  HOS  "a  porteurs  majoritairs"  ou  en  "mode 
d' accumulation"  a  temperature  de  helium  liquide  est  rapportee  et  comparee  avec  MOSFET's 
normaux  (a  porteurs  minor! taires) .  Les  effets  adverses  "kink/hysteresis"  sont  absents, 
tandis  que  les  niveaux  de  courant  sont  tres  comparables.  Cela  off re  une  alternative  pour 
CMOS  cryogene:  tenant  compte  de  certaines  reserves,  une  technologie  CMOS  "sans-caisson" 
basee  sur  n^nn'1'  et  p+np  MOSFET's  dans  une  plaque  de  type  n  est  une  faqon  d'dviter  les 
anomalies  d'un  Si-HOSFET  a  basse  temperature. 

Abstract  -  The  operation  of  "accumulation  mode"  or  "majority  carrier"  MOS  transistors  at 
liquid  helium  temperature  is  reported  and  compared  with  normal  (minority  carrier) 
HOSFET's.  The  adverse  kink/hysteresis  effects  are  absent,  while  the  current  levels  are 
highly  comparable.  This  offers  an  alternative  for  cryogenic  CMOS:  under  certain 
reserves,  a  well-less  CMOS  technology  based  on  n+nn+  and  p  np+  MOSFET's  in  a  n-type 
substrate  is  a  way  to  avoid  the  Si-MOSFET  cryogenic  anomalies. 

1  -  INTRODUCTION 

As  yet  the  only  technologies  suitable  for  cryogenic  operation  of  Si  integrated  circuits  are 
MOSFET  jased  /l/.  The  reason  for  this  is  that  majority  carrier  conduction  through  neutral 
regions,  as  in  bipolar  transistors  and  JFET's,  is  greatly  reduced  by  freeze-out  effects 

11-31 . 

Although  one  expects  improved  transistor  performance  from  high  electron  and  hole  mobility, 
cold  MOSFET's  suffer  from  undesired  kink  and  hysteresis  effects  /4-10/. 

2  -  EXPERIMENTS 

To  avoid  sidewall  effects  the  measurements  were  performed  on  circular  nMOSFET's,  processed  on 
<10(p  material,  with  a  gate  oxide  thickness  of  60  nm.  The  p-well  doping  level  is  about  lel6 
/cm  ,  and  the  n-substrate  doping  is  1.2el5  /cm  .  The  transistor  width  W  -  96  urn,  its  length  L 
=*  12  pm.  The  cryogenic  measurements  were  done  in  a  liquid  helium  bath  cryostat. 

3.  -  "NORMAL*  MOSFET  CHARACTERISTICS 

At  4.2  Kelvin  Silicon  MOSFET's, 
especially  n-channels,  exhibit  the  kink 
and  hysterisis  phenomenon  (fig.  1  and 
2a). 

The  observed  hysteresis  and  kink  in  the 
I/V  characteristics  can  be  attributed  to 
a  local  bulk  effect  underneath  the 
transistor  channel.  A  local  decrease  in 
depletion  layer  width  or  charge  density 
must  be  compensated  by  an  increase  of 
the  inversion  layer  charge,  and  thus  by 
increased  transistor  current.  At  4.2 
Kelvin  the  thermal  generation/ 
recombination  time  constants  for 
depletion  layer  formation  approaches 
infinity  /4/,  and  from  this  standpoint 
no  important  bulk  effect  on  the 
inversion  layer  is  expected.  However  it 
was  shown  that  the  depletion  layer 
width  and  charge  density  can  be  modified 
by  a  mechanism  based  on  impact 
ionization  and  recombination  of  shallow 
(dopant)  levels  in  the  bulk.  This 
process  is  induced  by  a  hole  current  (in 
a  nMOSFET)  flowing  from  the  pinch-off 
region  at  the  drain  towards  the 
substrate  back  contact.  The  hole 


0  1  2  VDSIV) 


Fig.l  Ip/V.^  characteristics  of  the  "normal" 

n-MOSFET  at  4.2  Kelvin  on  logarithmic  scale. 
Superimposed  are  lines  of  constant 
small -signal  time  constants. 


[  mA) 
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current  originates  from  the  avalanche  ionization  at  the  pinch-off  end  of  the  channel. 

In  general  these  holes  interact  in  3  ways  while  travelling  through  the  bulk: 

a)  the  hole  simply  drifts,  as  governed  by  the  free  hole  mobility  in  the  local  electric  field 

b)  by  impact  the  hole  ionizes  a  neutral  acceptor,  thereby  freeing  an  additional  hole 

c)  the  hole  recombines  with  an  ionized  acceptor. 

Dependent  on  the  local  electric  field,  and  charge  densities,  an  equilibrium  space  charge  will 
be  estabished  after  some  time.  The  time  constant  for  this  "forced  depletion  layer  formation" 
("FDLF")  is  in  first  Instance  Inversely  proportional  to  the  mentioned  substrate  current  /*/, 
which  in  turn  is  proportional  to  the  avalanche  ionization  rate,  being  a  strong  exponentional 
function  of  pinch-off  voltage  (across  pinch-off  region  at  the  drain),  with  an  onset  at  about 
1.2  Volts  (=Si  bandgap)  711/ . 


The  time  constants  for  FDLF  can  be  indirectly  measured  from  the  transistor  small  signal 
transient  behaviour.  When  curves  of  equal  time  constants  are  plotted  in  the  same  plane  as  the 
transistor  I/V  sweeps  (fig.  1),  the  origin  of  the  hysteris  is  identified  as  time  delay  in 
reaching  the  momentary  equilibrium  when  the  transistor's  V„  is  varied. 

In  the  same  view  the  kink  coincides  with  the  closing  of  tne  hysterisis  loop,  i.e.  where  the 
time  constants  get  faster  than  the  incremental  VDg  voltage  sweep  rate. 


4  -  "MAJORITY  CARRIER"  HOSFET's  AT  4.2  KELVIN 

The  majority  carrier  equivalent  of  the  above  nMOS  device  is  nothing  else  than  exactly  the  same 
transistor,  on  the  same  wafers,  designed  in  the  n-substrate  instead  of  in  the  p-well. 

The  majority  carrier  n-channel  MOSFET  (fig.  2b)  does  not  feature  the  kink  or  hysteresis  in  its 
I/V  characteristics  as  it  has  not  the  mechanism  where  the  bulk  depletion  layer  (which  is 
absent)  can  compensate  the  inversion  layer.  Conduction  takes  place  through  an  accumulation 
layer.  The  accumulation  layer  charge  obeys  the  relation 

Qacc  ’  <VVVs<y»  •  Cox  <>> 

with  V_  the  "threshold  voltage"  for  forming  an  accumulation  layer,  and  V_(y)  the  local  surface 
potential.  J 

The  current  through  the  device  can  be  calculated  as 

JD  1  u-Qacc-V(dVs(y))/(dy)  (2) 

Substituting  (1)  in  (2)  and  integrating  from  source  to  drain  yields  the  familiar  expression: 

JD  ’  W/L  *  “e  •  Cox  ■  lVGS-VVDS/2l  •  VDS 


(3) 
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Saturation  occurs  for  V_g  =  V„s  -  VT,  when  the  accumulation  layer  at  the  drain  side  has 
vanished.  Higher  V__  will  then  Be  supported  by  the  pinch-off  region. 

The  quadratic  behaviour  of  (3)  is  reflected  in  the  characteristics  of  fig.  2b.  Besides  the 
absence  of  kink  and  hysteresis  both  transistors  behave  similar.  The  small  bias  mobilities 
are  about  2800  cnr/V  for  the  normal  nMOSFET ,  and  3200  cni  /V.s  for  the  majority  nMOSFET.  At 
relatively  low  biases  already  mobility 
saturation  occurs,  so  that  the  curves  „ 
for  consecutive  VGg  are  almost  ^ 
equidistant.  “ 

M 

parallel  n+nn+  resistor 
On  the  curves  of  fig.  2b,  and  more  in 
detail  in  fig.  3  one  observes  the  onset  ^ 
of  conduction  of  a  kind  of  "parallel 
resistor"  to  the  transistor.  This 
resistor  can  be  identified  with  the 
n  n"n+  structure  of  the  transistor. 

Fig. 4  show  a  schematic  cross  section 
both  of  the  transistor  in  off  and  on 
state  (i.e.  in  accumulation). 

The  conduction  at  4.2  Kelvin  of  such  a 
n  n  n  structure  is  governed  by  a 
similar  mechanism  as  the  depletion  layer 
formation  mentioned  above. 

Fig.  3  ID/VDS  of  turn-on  region  of  the 

majority  carrier  nMOSFET  of  fig.  2b 


c;  D 


Fig.  4a 

Schematic  cross-section  of  the  majority 
carrier  nMOSFET,  below  threshold 


q  n 


Fig.  4b 

The  same  transistor  while  conducting 
current  through  the  accumulation  layer 


Before  conduction  the  charge  distribution  in  the  n+n”n+  is  homogenous.  Any  potential  step  is 
evenly  distributed  over  the  sample.  Conduction  starts  at  a  certain  field  by  tunneling  through 
the  n  n~  barrier.  By  shallow  impact  ionization  a  charge  redistribution  builds  up  across  the 
device,  yielding  a  higher  electric  field  at  the  injecting  contact  /12/.  The  current  therefore 
is  space  charge  limited,  and  turns  off  at  much  lower  voltages  than  it  turned  on,  which 
explains  the  bistable  behaviour  of  the  transistor  in  the  off-state.  In  contrast,  while  the 
transistor  is  carrying  current  the  n+n~n+  structure  is  always  "on",  and  the  bistability 
disappears. 

According  to  Dargys  and  Zuraukas  / 13/  the  current  in  an  n+n"n+  resistor  at  freeze  out 
temperatures  obeys: 

AI  -  AV  .  2.A.vs.e/d2  (A) 

for  large  enough  fields  to  reach  saturation  of  drift  velocity  v  ,  with  d  the  distance  between 
the  contacts  (here  one  can  think  of  some  representative  distanceSbeveen  conducting  channel  and 
drain)  and  with  A  the  relevant  current-carrying  cross-section  (approximated  by  V.d). 
Substituting  v  -  1.2E7cm/s  and  t  -  8.85E-13  F/cm,  one  obtains  a  d  of  5  urn  (compare  with  a  L 
of  12  um).  3 
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5  -  CONCLUSIONS 

The  combination  of  the  described  n+n"n+  majority  carrier  transistor  and  the  regular  pMOSFET  in 
the  same  substrate  seems  a  feasible  technological  approach  for  building  a  cryogenic  CMOS 
process  with  reduced  kink.  Indeed  the  pMOSFET  is  only  slightly  affected  by  kink,  and  the 
majority  nMOSFET  is  kink-free  except  for  a  turn-on  phenomenon.  The  process  is  readily 
obtained  by  omitting  the  p-well  in  the  CMOS  process  sequence. 

However,  as  a  certain  bulk  leakage  current  will  flow  from  the  majority  carrier  devices,  the 
circuits  power  dissipation  may  be  a  problem  at  these  low  temperatures. 

The  experiments  also  support  the  current  theory  explaining  the  4.2  Kelvin  anomalous  behaviour 
in  normal  silicon  MOSFET's. 
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A  NOVEL  METHOD  FOR  DIMENSIONAL  LOSS  CHARACTERIZATION 
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Abstract.  The  present  tendency  toward  devices  scaling  in  VLSI  technology  makes  more  and 
more  difficult  the  electrical  characterization  of  channel  dimensions. 

The  narrow  channel  effects  have  had  a  great  consideration  for  what  concern  device  modeling, 
but  a  minor  attention  about  dimensional  loss  problems.  The  aim  of  this  work  is  to  propose  an 
effective  width  characterization  method  based  on  transconductance  and  not  affected  by  the  typical 
problems  related  to  narrow  channel  devices. 

Moreover,  a  compared  analysis  of  this  method  to  an  other  one  previously  proposed  / //  is  shown 
pointing  out  the  phenomenological  differences. 


1  Introduction 

In  1  pi n  processes  development  the  active  areas  pitch  scaling  is  not  necessarily  associated  to  an  adequate 
scaling  of  the  isolation  process. 

For  EPROM  devices  the  dimensional  losses  induce  poor  current  and  speed  performances  and  the  possibility 
of  a  marginal  verification  of  the  memory  cell. 

For  this  reason  it  is  useful  the  implementation  of  a  reliable  electrical  evaluation  of  the  effective  channel 
width  of  a  MOST  to  control  the  process;  moreover  the  evaluation  method  must  be  independent  from  the 
process  variations. 


2  Experimental  and  results 

The  measures  were  carried  out  on  two  sets  of  n-channel  transistors  with  280A  gate  oxide  thickness, 
polysilicon  gates  and  ion  implantation  process. 

The  first  set  was  constitued  by  native  and  enhancement  mode  devices  with  a  channel  stop  implant  of 
6.5  x  10'*  cm'1  and  has  been  treated  at  a  temperature  of  920  °C  (low  T)\  the  other  set  was  in  the  Same 
mode  with  a  channel  stop  implant  equal  to  7.5  x  10“  cm'*  and  treated  at  1100  °C  (high  T ). 

The  threshold  shift  implant  was  equal  to  7  x  10"  cm'1  for  both  sets  and  the  substrate  concentration  was 
7  x  10“  cm-3. 

The  channel  length  was  10pm  for  all  the  samples  and  the  width  varied  between  2.6pm  and  1.0pm  with  a 
equal  to  0.2pm. 
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We  are  interested  in  the  evaluation  of  the  MOST  effective  geometrical  width  Wtll,  that  is  by  definition 
the  width  of  the  active  area  below  the  gate  oxide  and  delimitated  by  the  bird’s  beak. 

The  selective  oxidation  by  Si3N4  pattern  permits  the  field  oxide  penetration  under  the  Si3N4  itself;  for  this 
reason  the  final  active  area  dimension  will  be  less  than  the  one  on  mask. 

Now  we  can  consider  the  behavior  of  drain  current  of  a  MOST  operating  in  the  linear  region: 

U  =  -  Vt)vd 

where  W.„  =  -  AW 

W^ff  is  the  active  area  width  covered  by  the  gate  oxide  and  limited  by  the  bird’s  beak,  AW  is  the  dimen¬ 
sional  loss  and  W,^  is  the  dimension  on  mask. 

By  plotting  the  drain  current  values  as  a  function  of  for  a  set  of  constant  length  MOS  devices  and 

choosing  the  best  straight  line,  the  value  of  AW  is  determined  as  intersection  with  the  abscissa. 

In  order  to  avoid  the  narrow  channel  effects  on  threshold  voltage  it  is  advisable  to  apply  a  Vs  »  V*  (1|- 
In  figure  1  we  show  the  application  of  the  method  with  V,.  as  a  parameter;  it  is  evident  the  strong  depen¬ 
dence  of  AW  by  the  gate  voltage  value. 

On  the  other  hand  the  dependence  of  the  Id  method  by  temperature  treatments  is  shown  in  figures  2 (a,b) 
where  the  SEM  analysis  results  of  the  dimensional  loss  are  reported  as  a  comparison. 

This  behavior  is  explainable  with  different  diffusion  profiles  of  channel  stop  implant;  in  fact  we  can  consider 
the  real  MOST  as  a  parallel  of  an  ideal  transistor  with  W  =  Wejf  and  a  “parasitic”  one  whose  gate  oxide 
is  the  bird’s  beak  and  the  isolation  implant  is  the  threshold  implant. 

To  understand  the  behavior  of  the  narrow  channel  MOST  it  is  useful  to  plot  the  Id  and  the  trasconductance 
(beta)  against  gate  voltage.  In  figure  3  the  curves  of  low  T  n-channel  native  transistor  are  shown;  it  can 
be  noted  the  beta  canonic  shape. 

Viceverta  when  we  get  an  high  T  treatment  of  the  isolation  implant  the  drain  current  grows  almost  linearly 
with  V..  as  showed  by  the  constant  beta  value  also  for  high  gate  voltage  values  (fig.s  4 .a,b)\  this  effect  is 
stronger  for  the  enhancement  mode  device  as  reported  in  fig.(4.fc). 


3  Transconductance  method 

By  considering  the  previous  results  we  can  summarize  the  following  considerations: 

•  the  enhancement  transistor  presents  a  more  evident  drain  current  contribution  of  the  bird’s  beak 
parasitic  than  the  native  one;  this  is  due  to  the  similarity  of  the  two  ’’parallel”  devices  threshold 
voltages  (fig.s  4 ,a,b)  and  is  enhanced  by  an  higher  T  treatment  on  channel  stop  implant; 

•  the  transconductance  plateau  is  induced  by  the“parasitic”  contribution  compensating  the  mobility 
loss; 

•  in  figure  5  the  mobility  loss  gets  over  the  parasitic  when  Vt,  is  higher  than  4  -r  5  Volts. 

Avoiding  the  effect  described  above  we  implemented  the  transconductance  measure  in  the  same  way  as  we 
treated  the  drain  current,  that  is  by  plotting  the  maximum  beta  versus  Wnom. 

The  implementation  of  this  method  is  shown  in  figures  6  and  7;  in  both  cases  we  measured  native  and 
enhancement  transistors  where  in  fig. 6  the  samples  were. treated  at  low  T,  while  in  fig. 7  at  high  T. 

As  we  can  see  in  the  insert  the  agreement  with  SEM  analysis  is  good. 

This  method  is  more  precise  than  the  ld  one  because  it  permits  to  identify  the  same  channel  status  (the 
strong  inversion  beginning)  irrespectively  of  the  threshold  voltage.  Because  we  check  the  beta  maximum, 
the  problem  connected  with  the  non-linear  effect  of  V..  on  mobility  is  no  more  a  constraint. 

4  Conclusions 

The  method  presented  and  based  on  transconductance  seems  to  be  quite  reliable  because  it  overcomes  the 
problems  related  to  mobility  saturation  [2],  narrow  channel  effects,  threshold  voltage  and  isolation  process. 
We  have  outlined  the  problems  connected  with  the  drain  current  method  pointing  out  the  behavior  of  the 
narrow  channel  devices. 
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Fig.l  -  h  vs.  with  V„  as  a  parameter  for 

n-  channel  enhancement  transistor. 

[Gate  length  10pm] 


Fig.  3  -  Threshold  voltage  and  transconductancr 
characteristics  against  gate  voltage  for  native  n- 
channel  transistor  at  low  T. 

1pm,  L  -  I0pm| 


Fig.  2. a  -  L  vs  on  native  (a)  and  enhance 

ment  (b)  transistors  for  low  Temperature  treat¬ 
ment  (920  C). 

[Vf,=  3  V  native  -  Vf,=  5  V  enhanc.J 
[Gate  length  10pm] 


Fig  2.b  -  Is  vs  Wir.w„  on  native  (a)  and  en¬ 
hancement  (b)  transistors  for  high  Temperatu-e 
treatment  (1100  C). 

|V,,=  3  V  native  -  V,,=  5  V  enhanc.| 

[Gate  length  10pm] 
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Fig.  i. a  -  Threshold  voltage  and  transmnduc- 
tance  characteristics  against  gate  voltage  on  n- 
channel  native  transistor  at  high  7\ 
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Fig.  4.b  -  Threshold  voltage  and  transconduc¬ 
tance  characteristics  against  gate  voltage  «»n  n 
channel  enhancement  transistor  at  high  T. 
|WrfPBUm  =  l^m,  L  =  10/im| 


500.  0 
E-09 


50.  00 
/div 


.  0000 
00 


.9  1.0  1.9  2.0  2.9 

Htual 


Fig.  6  -  Tranacondnetance  versus  for 

n-channel  native  (1)  and  enhancement  (2)  tran- 
siatori. 

The  SEM  Croat  aection  ia  reported  in  the  insert 
[21 K  magnification!. 


Fig.  5  -  Threshold  voltage  and  transoondnrtanre 
characteristics  on  n-channel  transistor  till  high 
Vs,  values  (high  T  treatment). 

-  1pm  ,  L-  10pm] 


J  i.a  i.s  t. a  2.: 

M(ua) 

Fig.  7  ■  Transconductance  versus  W  for  n- 
channel  native  (1)  and  enhancement  (2)  transis¬ 
tors. 

The  SEM  cross  section  is  reported  in  the  insert 
[21 K  magnification). 
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Rtsumt  -  Nous  avons  dtudid  l’effet  canal  dtroit  sur  des  disposirifs  actifs  fabriquds  avec  les  techniques 
d'isolation  SILO  et  BOX.  L'importance  de  la  diffusion  latdrale  du  bore  dans  la  zone  active  est  ddmontrd,  ainsi 
que  l'avantage  de  la  technique  BOX,  qui  utilise  un  oxide  ddposd  au  lieu  d’un  oxide  thermique  dans  le  proc&te 
SILO.  En  utilisant  une  dose  d'implantation  faible  pour  rdduire  1‘effet  canal  6troit,  un  effet  de  double  tension 
de  seuil  dans  la  caracttristique  en  faible  inversion  est  inevitable. 


Abstract  -  We  have  studied  the  narrow  channel  effect  (NCE)  on  active  devices  fabricated  with  the  SILO  and 
BOX  isolation  techniques.  The  importance  of  the  boron  encroachment  in  the  active  region  is  shown,  as  well 
as  the  advantage  of  the  BOX  technique  which  uses  a  deposited  oxide  instead  of  a  thermal  oxide  in  the  SILO 
process.  With  a  low  field  implantation  dose  used  to  reduce  the  NCE,  a  double  threshold  effect  in  the 
subthreshold  characteristic  is  inevitable. 


I.  Introduction 

Recently  several  new  isolation  technologies  have  been  proposed  as  alternatives  to  the  conventional  LOCOS  process 
for  VLSI  application.  These  new  technological  processes  are  characterized  by  very  different  fabrication  steps  and 
various  profiles  of  the  isolation  oxide  which  influence  drastically  the  electrical  behaviour  of  MOS  devices. 

The  present  paper  is  devoted  to  the  study  of  the  narrow  channel  effect  (NCE)  on  active  devices, which  originates 
from  the  merging  of  the  active  device  region  with  the  field  oxide  region  and  results  in  an  increase  of  the  threshold 
voltage  as  the  channel  width  decreases.  This  effect  is  very  dependent  on  the  isolation  technology.  In  this  study,  active 
devices  were  fabricated  using  the  SILO  technique  /1, 2/  and  a  modified  BOX  technique  /3,4/.  The  SILO  process  uses  a 
thermal  field  oxide,  contrary  to  the  BOX  process  which  employs  a  deposited  oxide.  This  difference  is  essential  whith 
respect  to  the  NCE. 


II.  Process  description 

The  starting  material  was  <100>  p-type  silicon  wafers  with  a  resistivity  of  18  12cm.  In  the  SILO  process,  the 
isolation  mask  was  a  sandwich  structure  of  LPCVD  Si3N4  (10  nm)/CVD  Si02  (30nm)  /  LPCVD  Si3N4  (150nm). 
After  the  etching  of  the  three  layers,  a  KOH  solution  was  used  to  etch  the  silicon  in  the  case  of  the  fully-recessed 
structures.  For  the  NMOS  devices,  a  boron  field  implantation  was  performed  at  25  keV  with  different  doses.  The 
field  oxide  was  grown  in  a  wet  ambient  at  950°C  for  180  min  up  to  a  thickness  of  500  nm.  In  the  BOX  process,  the 
field  oxide  was  performed  from  a  CVD  oxide  layer  by  using  a  polysilicon  counter-mask  and  a  wet  etching  of  the  oxide 
/3/.  Fig.l  shows  SEM  cross-sections  of  fully  recessed  SILO  and  BOX  field  oxides. 


in.  Rssulis.and-dixusjsion 

In  Fig.2,  we  compare  the  NCE  of  enhancement  NMOS  transistors  fabricated  with  semi-recessed  (SR)  or  fully- 
recessed  (FR)  field  oxide,  and  different  field  implantation  doses  (1EI3-2E13-4E13  at/cm2).  The  variations  are  chiefly 
due  to  the  lateral  diffusion  of  the  channel-stop  implantation  into  the  active  region.  Indeed,  the  NCE  increases  when  the 
lateral  boron  diffusion  increases,  i.e.  with  a  semi-recessed  field  oxide  or  with  a  high  field  implantation  dose. 

Fig.3  shows  the  NCE  of  enhancement  NMOS  transistors  fabricated  with  the  BOX  process  and  with  different  field 
implantation  doses. 


(^supported  by  the  Institut  pour  1’encouragement  de  la  Recherche  Scientifique  dans  l'Industrie  et  1’Agriculture  -  IRSIA. 
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Fig.2.  NCE  of  enhancement  NMOS  transistors  fabricated  with  different  SILO  processes. 
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The  comparison  between  the  BOX  and  SILO  process  is  illustrated  in  Fig.4  for  NMOS  transistors  without  channel 
implantation.  The  field  implantation  dose  was  2E12  and  2E13  at/cm2  respectively,  and  in  both  cases  the  field  transistor 
threshold  was  the  same.  The  better  behaviour  of  the  device  isolated  with  BOX  is  explained  by  the  absence  of  thermal 
field  oxidation  which  permits  to  use  a  lower  field  implantation  dose  and  also  to  reduce  the  boron  encroachment  into  the 
active  region. 

As  shown  in  Figs.2  and  3,  a  way  to  reduce  the  NCE  is  to  lower  the  channel-stop  implantation.  In  this  case, 
however  a  double  threshold  effect,  caused  by  a  parasitic  sidewall  transistor  at  the  edges  of  the  active  region,  can  appear 
in  the  subthreshold  characteristic  of  MOS  devices  isolated  with  a  fully-recessed  SILO  (Fig.5)  or  a  BOX  field  oxide 
(FIG. 6).  This  effect  is  avoided  by  using  a  semi-recessed  structure  with  the  SILO  process,  or  a  higher  field 
implantation  dose  with  both  isolation  techniques.  In  each  cases,  the  increased  boron  concentration  at  the  isolated  edges 
of  the  transistors  raises  the  parasitic  sidewall  transistor  threshold.  As  shown  in  Fig.7,  the  double  threshold  effect  is 
undesirable  because : 

1.  if  the  channel  width  is  large,  it  introduces  excess  leakage  current  when  the  gate  bias  is  below  the  threshold 
voltage. 

2.  if  the  channel  width  is  narrow,  it  may  cause  a  drop  in  the  threshold  voltage,  the  so-called  inverse  narrow  channel 
effect. 

We  have  found  another  way  to  reduce  the  NCE  by  using  a  field  pre-implantation  oxide,  which  has  a  more 
important  thickness  on  the  sloped  walls  of  the  silicon  grooves  etched  in  a  KOH  solution.  This  reduces  the  implanted 
boron  dose  on  the  edges  of  active  region  and  so  the  boron  encroachment.  Fig.8  shows  the  influence  of  this  oxide  for  a 
SILO  structure. 

The  NCE  has  also  been  measured  on  PMOS  transistors  fabricated  with  the  SILO  process.  The  difference  between 
the  threshold  voltage  of  transistors  with  a  width  of  2  microns  and  20  microns  is  170  mV.  In  this  case,  there  is  no  field 
implantation,  but  the  accumulation  of  phosphorus  impurities  below  the  field  oxide  during  the  thermal  oxidation  acts  as 
the  lateral  boron  diffusion  in  NMOS  transistors. 


IV.  Conclusion 

With  the  SILO  and  BOX  isolation  techniques,  the  NCE  of  NMOS  transistors  proceeds  from  the  boron 
encroachment  in  the  active  region.  Nevertheless,  the  BOX  process,  which  uses  a  deposited  field  oxide  instead  of  a 
thermal  oxide,  creates  a  lower  NCE.  The  reduction  of  the  NCE  by  using  a  low  channel-stop  implantation  produces  an 
undesirable  double  threshold  effect  in  the  subthreshold  characteristic.  But  we  have  shown  the  capability  of  a  field  pre¬ 
implantation  oxide  to  reduce  the  NCE  of  NMOS  transistors  fabricated  with  a  fully-recessed  structure.  In  the  case  of 
PMOS  transistors  fabricated  with  the  SILO  process  and  without  field  implantation,  the  NCE  is  due  to  the  accumulation 
of  phosphorus  implantation  below  the  field  oxide. 
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Fig.3.  NCE  of  enhancement  NMOS  transistors  fabricated  with  different  BOX  processes. 
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HIGH  VOLTAGE  SWITCHING  P- CHANNEL  STRUCTURE  FOR  CMOS  ARCHITECTURES 
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RESUME 

On  present*  ici  (’analyse  d’une  structure  a  canal  p  a  haul  voltage  completement  compatible 
avec  toutes  les  architectures  CMOS.  Elle  met  en  evidence  le  role  critique  joue  par  la  rourhe  du 
” drain  extension ”  sur  la  prestation  electrique  du  dispositif  et  par  Vepaisseur  de  I 'oryde  He  champ 
peripherique  sur  la  fiabilite  du  dispositif.  Ces  resultat  sout  utiles  pour  dessiner  dcs  dispositifs  ri 
haul  voltage  avec  un  proces  compatible  dans  une  technologic  CMOS  avancee 

ABSTRACT 

An  analysis  of  a  P-ch  High  Voltage  structure  fully  compatible  with  all  CMOS  architectures  m 
presented.  It  points  out  the  critical  role  played  by  drain  extension  layer  on  electrical  Hence 
performance,  and  by  the  field  thick  oxide  periphery  on  the  device  reliability.  These  results  an 
useful  in  designing  HV  process  compatible  devices  in  advanced  CMOS  technology. 

1  Introduction 

The  electronic  evolution  towards  submicron  dimensions  finds  an  important  constraint  in  the  com¬ 
patibility  with  existing  systems.  Many  of  these  must  be  supplied  with  voltages  greater  than  the 
maximum  voltages  allowed  for  scaled  circuits,  but  must  often  be  directly  interfaced  to  them.  Henro, 
the  problem  of  designing  and  characterizing  High  Voltage  MOS  devices  compatible  with  suhmicron 
technologies  must  find  an  increasing  interest  [1,2]. 

Luckily,  the  general  trend  from  NMOS  to  CMOS  technologies  introduces  some  degrees  of  freedom 
to  build-up  new,  not  standard  structures,  which  may  be  useful  for  high  voltages. 

But  unluckily,  the  well  known  technological  tricks  to  produce  low-threshold  MOS  devices  weaken 
the  structure  with  respect  to  HV  effects,  and  especially  with  respect  to  hot  electron  effects. 

In  this  paper  we  examine  a  particular,  self-aligned  P-ch  structure  compatible  with  all  CMOS  pro¬ 
cesses.  We  consider  its  evolution  on  different  process  generations,  and  after  technological  and 
electrical  simulations,  we  identify  the  critical  points  and  some  design  criteria  for  such  a  structure 
in  the  advanced  processes. 

2  P-channel  structure 

Three  main  effects  limit  the  HV  perfomances  in  a  MOS  structure:  the  thickness  of  the  gate  oxide 
over  the  drain  junction,  the  drain  dopant  concentration  and  the  curvature  of  the  drain  junction. 
The  P-ch  structure  shown  in  Fig.l  is  an  optimization  of  these  three  points  with  respect  to  an  usual 
P-ch  structure.  The  oxide  over  the  drain  junction  is  the  field  oxide,  the  thickest  one  available  in 
the  process.  The  transistor  drain  extension  is  made  by  P-isolation  implant,  at  least  two  order  of 
magnitude  lest  doped  than  normal  P+  drain.  The  junction  curvature  is  softed  by  the  long  diffusion 
necessary  for  field  oxide  (LOCOS)  growth. 

The  interest  of  this  structure  resides  in  the  fact  that  it  is  the  only  structure  compatible  with 
both  P-  and  N-well  CMOS  technologies,  since  it  is  based  on  P-isolation,  i.e.  the  P-type  channel 
stopper  necessary  in  both  types  of  architectures.  In  the  shown  sertion  an  N-well  technology  has 
been  chosen,  but  the  only  difference  with  P-well  technology  is  that  in  the  latter  the  transistor  is 
embedded  in  the  N-type  substrate  instead  of  in  the  N-well. 
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In  any  case,  the  P-iso  layer  determines  the  transistor  performance.  To  improve  it,  the  P-iso  sheet 
resistance  ought  to  be  reduced  by  increasing  its  doping  density.  This  induces  a  (process  compatible) 
increase  in  N-ch  parasitic  threshold,  but  might  equally  induce  an  excessive  lowering  of/V'  + /P-iso 
junction  breakdown  on  N-ch  devices  [3]. 

At  the  first  glance,  the  device  optimization  looks  to  be  simply  to  find  the  best  compromise  of 
opposite  requirements.  But  other  structural  parameters  must  he  taken  into  account. 


3  Experimental 

The  P-channel  structure  has  been  simulated  by  using  the  program  TITAN  [4j  and  performed  on 
silicon  in  two  different  processes,  according  to  the  scheme  shown  in  Tab.l,  to  verify  the  suitability 
to  be  scaled  down  in  different  process  generations  and  to  verify  the  full  compatibility  with  the 
assigned  process  architecture  (no  extra  mask,  ion  implant  or  thermal  treatments).  Both  these 
processes  are  CMOS:  Process  1  is  P-well  based  and  its  typical  gate  length  is  3/im;  Process  2  is 
N-well  based  and  its  typical  gate  length  is  1.5pm. 

In  Fig.2  a  comparison  is  made  between  the  output  characteristics  of  HV  P-channel  structure  and  the 
output  characteristics  of  a  standard  P-ch  transistor  of  same  length  achieved  by  the  same  process. 
But  since  reliability  is  a  major  concern  when  strong  electric  fields  are  involved,  a  main  parameter 
to  be  carefully  taken  into  account  is  the  drain/channel  overlap  [5,6],  i.e.  the  encroachment  between 
the  P-iso  and  the  thin  oxide  region,  simulated  in  Fig.3  according  to  the  process  schemes  given  in 
Tab.l. 

Fig.4  shows  the  substrate  parasitic  currents  for  transistors  produced  by  Process  1  and  Process  2. 
It  is  worthwhile  to  note  that  the  bell-shaped  curve  is  associated  with  the  structure  that  in  Fig.3 
results  well  overlapped  (Process  1),  while  the  diverging  current  is  related  to  the  r.ot  overlapped 
structure  (Process  2). 

After  considering  these  currents,  it  is  straightforward  to  consider  the  degradation  of  the  Process  2 
transistor.  The  Fig.5  shows  that  no  degradation  occurs  on  the  not  overlapped  transistor. 

4  Discussion 

In  the  general  trend  of  CMOS  processes  towards  thinner  oxides  and  tighter  design  rules,  the  de¬ 
scribed  experimental  data  show  the  critical  role  played  in  the  discussed  HV  device  not  only  by 
P-iso  layer,  but  also  by  the  LOCOS  bird's  beak  shape. 

P-iso  sheet  resistance  is  critical  in  determining  the  transistor  gain  and  current  drive  capability  [7]. 
Its  effects  are  apparent  in  the  output  curves  of  Fig.2:  the  decrease  of  current  drive  capability  is 
heavier  for  Process  2  (10  kfi/O  P-iso  layer)  than  for  Process  1  (3  kll/D  P-iso  layer),  while  the  device 
reliability  more  strongly  feels  the  shape  of  LOCOS  beak. 

From  the  beak  height/width  ratio  F  the  drain/channel  encroachment  strongly  depends.  For  the 
considered  Process  1  and  Process  2  HV  transistors,  the  different  Nitride/Pad  oxide  ratio,  and  the 
different  field  oxide  growth  conditions,  produce  different  LOCOS  beak  shapes.  The  different  shape 
produces  the  different  P-iso/channel  overlap  of  Fig.3,  and  this  produces  the  different  substrate 
currents  shown  in  Fig.4. 

The  unexpected  and  important  effect  found  in  this  work,  i.e.  the  absence  of  degradation  on  the  non 
overlapped  transistor,  is  just  explained  by  considering  the  LOCOS  beak  shape  and  the  underlying 
.  egion.  If  the  beak  is  very  steep  as  in  Process  2  (F=3,  in  contrast  to  Process  1,  where  the  shape 
is  very  soft  (F=l)),  an  almost  vertical  gap  exists  between  the  channel  region  and  the  lateral  P-iso 
diffusion.  This  gap  is  not  controlled  by  the  gate  voltage  (then  substrate  current  diverges,  Fig.4), 
the  maximum  electric  field  is  not  close  to  the  thin  gate  oxide  but  it  is  deeper  in  the  semiconductor. 
This  inhibits  any  charge  injection  into  the  gate  oxide,  then  inhibiting  device  degradation  too. 

The  correctness  of  this  interpretation  is  confirmed  by  considering  the  Fig. 6,  that  shows  the  degra¬ 
dation  occurring  on  a  normal  P-ch  transistor  achieved  by  Process  2,  after  a  stress  comparable  to 
that  performed  on  the  HV  transistor.  For  this  normal  P-ch  transistor,  the  gate  oxide  thickness 
is  the  same  as  for  the  HV  transistor,  body  concentration  is  the  same,  and  there  is  evidence  of  a 


C4-755 


positive  drain/channel  overlap  (see  Fig. 7),  but  a  15%  degradation  occurs.  The  reas  .1  is  that  Me- 
maximum  electric  field  is  close  to  gate  oxide,  so  that  charge  injection  may  occur. 


5  Conclusions 

A  HV  P-ch  structure  has  been  shown  and  discussed  on  different  CMOS  processes.  Its  reliability 
has  been  related  to  the  local  physical  characteristics  of  and  under  the  LOCOS  periphery.  This 
structural  element  is  of  increasing  importance  in  the  general  process  trend  towards  thinner  oxides, 
for  which  reliability  is  a  major  concern. 
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Figure  1;  HV  switching  P-ch  structure  for 
N*well  CMOS  architecture. 


Transistor  body  concentration 

Nitride  thickness 
Pad  oxide  thickness 

P-iso  ion  dose 
P-iso  energy 

Field  oxide  growth 
Field  oxide  thickness 

Gate  oxide  growth 
Field  oxide  thickness 

Threshold  shift  dose 
Threshold  shift  energy 


Process  1  Process  2 

8  10"  cm’* 


3000  A 
900  A 

7  10"  cm  > 
40KeV 

1000"C  260' wet 
9500  A 

875°C  48'wet 
700  A 

1  10"  B  cm-’ 
40KeV 


1.6  10’“  cm  3  j 
1900A  j 

100A 

2  10"  cm  ’ 

25  KeV 

1000’C  160  wet  j 
7000A 

800‘C  100  wet 
330A 

5  10"  BF,  cm  1  ] 
60  KeV 


Figur*  2:  Output  curvet  for  Proem  1  (a)  and 
Proctti  2  (b)  HV  trantittort. 
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Figure  3.  Drain-channel  overlap  in  Process  1  (a) 
and  Process  2  (b)  HV  transistor. 

Note,  in  (b).  the  almost  vertical  gap  between 
channel  and  P-iso  layer. 


Figure  4:  Substrate  current  vs  gate  voltage  for 
Process  1  (a)  and  Process  2(b)  HV  transistors. 
For  fa)  Ltff—  5  /im 
For  (b)  L,//=  3 
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Figure  5:  Process  2  HV  transistor 
Comparison  of  Ip  current  (also  in  subthreshold 
region)  and  transconductance  before  and  after 
voltage  stress:  no  difference  is  appreciable. 


Figure  6:  Process  2  std  not  HV  transistor. 
Comparison  of  Ip  current  (also  in  subthreshold 
region)  and  transconductance  before  and  after 
a  voltage  stress  comparable  to  that  performed 
on  H.V.  transistor. 

The  gain  (G)  degradation  is  apparent. 
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Figure  7:  Substrate  current  of  Process  2  std  not 
HV  transistor 
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INFLUENCE  OF  HYDROGEN  RELATED  DEFECTS  ON  THE  Qot ,  Di t  BUILD-UP  DUE  TO  STRESS 
AND  ANNEALING  IN  THE  MOS  SYSTEM 


F.  WULF  and  D.  BRjkUNIG 

Hahn-Meitner-Institute  Berlin  GmbH.  Department  of  Data  Processing  and 
Electronics.  GllenlcTter  Str.  100.  D-1000  Berlin  39,  F.R.G. 

Resume;  La  generation  des  charges  d'oxyde  Qot  et  des  eta  Is  d'interface  Dit  par  "bias  temperature  stress”  (BT-stressi 
et  par  irradiation  ionisante  ainsi  que  le  comportement  de  retablissement  aprts  le  stress  ont  ete  etudi£s.  Le  procede 
de  retablissement  aprds  des  stress  respectifs  ainsi  que  le  processus  de  generation  tors  du  BT-stress  est  decrit  par  la 
reaction  chimique  de  I 'hydrogene  dans  le  Sio2.  Le  modele  presents  permet  d'dtablir  une  correlation  entre  le  BT 
stress  et  la  sensibilite  &  l'irradiation.  En  outre,  ce  modele  explique  le  retablissement  inverse,  reflet  de  1'intensite  de 
la  dose  et  le  comportement  de  retablissement  des  Dit  en  relation  &  la  temperature. 

Abstract:  The  build-up  of  oxide  charges,  Qot,  and  interface  states,  Du,  during  stress  -irradiation  or  bias 
temperatures  (BT)-  as  well  as  the  annealing  of  these  defects  has  been  investigated.  The  post-stress  annealing  and 
the  degradation  process  due  to  BT-stress  can  be  explained  by  the  chemical  reaction  of  the  hydrogen  in  the  Si<>2 
With  this  new  model  it  becomes  possible  to  describe  the  correlation  of  irradiation  and  BT-stress  and  moreover  the 
sensitivity  of  MOS-devices  against  carrier  injection  as  well  as  reverse  annealing,  dose  rate  effects  and  the 
temperature  dependent  D^-annealing. 

1  INTRODUCTION: 

During  the  last  two  decades,  countless  work  has  been  devoted  to  understand  the  build-up  and  annealing  of  oxide  charges 
and  interface  states  in  the  SiOySisystcm  Based  on  these  studies,  we  found  that  the  hydrogen  related  defects,  Si-H  and 
SiOH,  which  represents  extrinic  defects  of  donor  and  acceptor  character  resp.,  are  the  main  source  for  the  charge  trapping 
process.  This  process  causes  bond  breaking  and  therefore  a  chemical  reaction  with  the  Si02-network.  The  new  model 
describes  the  build-up  of  Q,,t  and  Dit  due  to  BT-stress  by  a  reaction  and  diffusion  controlled  process.  The  annealing 
behaviour  afler  BT-stress  and  irradiation  can  be  explained  by  the  same  mechanisms.  It  can  be  shown  that  the  Si-H  defect  is 
responsible  for  the  generation  of  the  positive  charged  Qot  and  Djt  in  the  case  of  BT-stress  and  irradiation.  This  result  makes 
it  possible  to  correlate  the  BT-stress  and  irradiation  sensitivity  of  a  given  MOS-technology . 

2  -  EXPERIMENTAL 

The  experiments  are  performed  on  a  variety  of  MOS  devices: 

MOS  structures  (varactor,  transistor),  CMOS  (commercial  and  radiation  hardened)  and  HCMOS.  The  following  stress 
modes  are  applied: 

1)  BT-stress  at  temperatures  between  100  and  200°C  and  applied  biases  of  both  polarities  (|E0I|s  5  MV/cm).  During  heat-up 
and  cool-down  the  respective  bias  is  maintained. 

2)  Irradiation  at  room-temperature  and  applied  biases  of  both  polarities  up  to  an  accumulated  dose  of  60  krad  (Si) 
Radiation  sources  are  CO-60-Source,  X-ray-tube  (Ema,  =  150  KeV)  and  2.5  MeV-electron-van  de  GraafT accelerator. 

Devices  from  the  same  lot  are  used  for  both  stress  modes  to  facilitate  a  comparison.  The  separation  of  Qot  and  Djt  from  C(  V) 
or  Id(Vqs)-  characteristics,  which  is  essential  to  the  analysis  of  the  degradation  process  is  accomplished  by  taking  the 
midgap  voltage  shift  for  Qot  -  determination.  At  this  particular  value  it  is  assumed  that  the  interface  charge  is  neutral  and 
any  shift  reflects  the  action  of  Qol  alone  (1-4).  The  interface  state  density  is  then  obtained  from  low-high  frequency  C(V) 
measurements  [5-71  or  just  from  high  frequency  C(V)  measurements  (8|  in  the  case  of  varactors.  For  transistors  the  Qot  are 
deduced  from  the  subthreshold  voltage  shift  V-rti  19|,  whereas  the  D,t  are  evaluated  from  the  slope  of  the  Id  (Vqs) 
characteristic  in  the  subthreshold  region  1 10|. 

GENERATION  OF  OXIDE  CHARGE  AND  INTERFACE  STATES 
3.1-  BIAS-TEMPERATURE  STRESS 

The  polarity  of  the  oxide  field,  E01,  is  crucial  for  the  effect  of  the  BT-stress.  Negative  oxide  field  (BT* -stress)  generates  Q,,, 
and  Du  and  a  positive  field  (BT*-atress)  anneals  these  active  defects.  There  are  many  emperical  111-181  and  physical  1 19 
251  models  which  describe  the  degradation  mechanisms,  but  up  to  now  a  coherent  understanding  has  not  been  developed 
Fig.  1  shows  the  schematic  structure  of  the  MOS-system,  with  the  small  region  Xj  in  which  the  concentration  of  the  Si-H 
defect  is  higher  than  in  the  bulk  of  the  Si02 126|. 


5  S1O2 

SiwH 
81, -H 

Si  l 

)  H  diffusion  «• 

—  Xa  — 

H  diffusion  ) 

3*10  am 

Sis  '.  trivalent  Si-atom  bounded  to  the  Si-network 
at  the  SiOj/Si-interface 

Siog-:  trivalent  Si-atom  bounded  to  three  oxygen 

atom  in  the  area  of  X4. 


Fig.  1  Schematic  structure  of  the  Si02/Si-System 

Under  the  influence  of  the  elevated  temperature  and  the  electric  field,  the  Sis-H  bond  is  broken  and  the  released  hydrogen 
diffuses  out  of  the  strained  region  near  the  interface.  Simultaneously  the  presence  of  the  hydrogen  causes  a  chemical 
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reaction  with  the  Si02-network  and  the  result  can  be  described  by  the  right-hand  side  of  eq.  1 : 


«Si  -  H  +  »Si 


E  <0 

OI 


•  Si  ■+  «Si +  +  *Si  -OH+ef* 


defect  Dit  Qot 

The  trivalent  “Sis-  acts  as  an  interface  state. 

The  energetic  level  in  the  Si  band  gap  depends  on  the  local  structure  of  the  defect  [28).  The  released  hydrogen  reacts  with 
the  Si02-network  and  a  breakage  of  the  Si-O-bond  gives  a  positive  charged  Si-atom.  Eq.  2  illustrates  some  possible 
reactions  of  the  hydrogen  with  the  Si02-network. 

a)  Si-H  +  H  15  Si-  +  Hj  d)  Si-OH  ±*  Si-O+H  (2)|  27,291 

b)  H*  » 2H  e)  Si-O-Si  +  H  ±*  Si' +  Si-OH +  e 

c)  Si-H  *»  Si-  +  H  0  Si-OH  +  H-Si  *s  Si-O-Si  +  Hj 

Expressed  as  a  set  of  coupled  differential  equations,  the  eq.  2  can  only  be  solved  by  numerial  calculation.  This  very  complex 
process,  can  be  approximated  by  a  reaction  of  pseudo-nth-order. 

H  concentration  of  hydrogen 

d  II  _  H0  initial  concentration  of  hydrogen 

reaction  rate 
order  of  the  reaction 


lsn+ls3 


With  the  initial  conditions  H  =  Hoat  t=0  the  following  solution  is  obtained 


H(t)  =  H0(l+nkHHjt)n 

The  diffusion  of  the  released  hydrogen  can  be  described  by  a  simplified  expression  given  by  Wait  [30): 


kD=4nr0D0e,[p(-l^F) 


with:  lrs,-rHl  >r0 


E.d  is  the  activation  energy  of  the  diffusion  process,  Do  and  ro  are  the  diffusion  coefficient  and  reaction  radius, 
respectively. 

Therefore  the  generation  of  electrically  activated  defects  Not  is  described  by  the  following  equation: 


-~(NDrf-ANothkD.H(t> 
The  solution  of  eq.  6  using  eq.  4  and  5  is: 


initial  concentration  of  defects 
change  of  oxide  charge  density 
difTusibility  of  hydrogen 
hydrogen  concentration  as  a  function  of  time 


AN  =N„ 


k  -H‘  "  - 

1  -«*P  : — - -  (l  -  (1  +  n-k  H"  t  ) 

kH-(n  -  1 )  M  " 


Fig.  2  shows  the  increase  of  Not  as  a  function  of  time  for  static  fields  of  ±  SMV/cm  and  different  stress  temperatures.  The 
experimental  data  are  fitted  by  eq.  7  (solid  line).  The  change  of  Not  in  the  case  of  positive  field  (Eqx>0)  is  more  than  three 
orders  of  magnitude  less  than  for  Eox  <  0. 

Bq.  7  explains  the  degradation  process  in  the  Si(>2  caused  by  BT-stress  and  combines  the  emperical  description  by  Reynolds 
inland  the  analytical  approach  by  Jeppson  et.  al.(25|.  If  we  plot  ANot  as  a  function  of  the  mth-root  of  the  time  (Fig.  3,  with 
m  =  n/n-1)  we  get  a  nearly  straight  line.  This  explains  why  other  authors  [1 1 ,14,16,18]  And  that  ANot  is  proportional  to  tlftn. 


T  =  473  K 

- - -  T  =  423jL— 

, — ''  Eox  =  •  6  MV/cm 

k  -  a  in-M  n  =  4/3 
k„-8-10-  Eai>  =  0.5  eV 

Ho  =  5-10  ”  Do  =  io-<  l  cm*/.  ] 


Eox  =  •  5  MV/cm  T  =  473  K 
n  =  4/3  ^-4'"' 
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Do  =  10"< 
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Ho'5  10  "X 


T  =  423  K 


T  =  373  K 


T  ■  373  K 
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I  ■  ■  ■  t  ■  ■  ■  ■  i  ■  i  ■  ■  i  ■  ■  i  ■  i  i  i  i 

“*  3  2  2  *  2  2  2  l  2  2  3  2! 

Ume  [  h  ] 


( time(o])a-|/a 


Generation  of  ANot  after  BT-stress  vs. 
time  with  electric  field  and  temperature 
as  a  parameter 


Fig.  3  Generation  of  ANot  after  BT-stress  as  a 
function  of  Ms)"-  •>" 
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3.2  -  IRRADIATION  STRESS 

As  shown  in  fig.  4,  the  amount  of  generated  oxide  charges  U  directly  proportional  to  the  amount  of  accumulated  dose  and 
can  be  described  by  eq.  8. 


Q  =q-Kf„d  AD  [25,261 

^ot  ^  H  os 

With: 

q  =  elementary  charge 

K  =  Yield  of  electron/hole  pairs  per  cm2  and  rad  (Si)  in  SiOj 

fH  =  fractional  yield  Ratio  of  seperated  to  generated  carriers 
do!  =  oxide  thickness 

A  =  hole  trapping  factor.  Ratio  of  captured  to  separated  holes 

D  =  accumulated  dose  in  rad  (Si) 

The  generation  of  Qot  is  strongly  correlated  to  the  generation  of  Djt,  as  verified  in  fig.  5. 


(8) 


Fig.  4  Generated  oxide  states  vs.  accumulated 
dose. 


Fig.  5  Oxide  state  vs  interface  state  change 
for  irradiation  at  room  temperature. 


Revesz  [27]  has  shown  that  the  presence  of  the  irradiation  induced  hole  is  sufficient  to  brake  the  Si-H  bond.  The  released 
hydrogen  acts  in  the  same  manner  as  described  above  for  the  BT-stress. 


■  Si  -H  +  «Si  -O-Si  *+h  -*  »Si  •+ »Si+ +  »Si  -OH  (q\ 

B  08  OB  II  OB  OB  ™ 

3.3  -  HOT  ELECTRON  STRESS 

After  outlining  the  interdependence  of  BT-  and  irradiation  stress,  a  possible  link  to  the  hot  electron  problem  is  presented. 
The  hydrogen  in  the  Si02  forms  a  Si  -  H  bond  as  well  as  a  Si  -  OH  bond.  This  latter  defect  acts  as  an  acceptor  and  becomes 
negatively  charged  via  an  electron  capture  process  according  to  eq.  (10). 

Si  -OH+  e-»Si-0~  +  H  <10) 

The  ratio  of  Si  -  H  and  Si  -  Oil  bonds  in  the  Si02  depends  on  the  oxidation  process  parameters  [261.  By  this  dependency,  the 
effect  of  irradiation,  BT-stress  and  the  hot  electron  sensitivity  is  interrelated  to  the  process  optimization  [331. 


4  -  ANNEALING 

Besides  other  possible  annealing  mechanisms  after  stress  [341  (thermal  or  optical  detrapping  e  g.)  we  focus  on  chemical 
detrapping.  The  oxide  charges  and  the  interface  states  can  be  neutralized  by  hydrogen.  After  stress  there  is  an  enhanced 
defect  concentration  in  the  region  Xj  and  the  corresponding  capture  of  hydrogen  in  this  region  causes  a  diffusion  gradient 
of  the  released  hydrogen  from  the  bulk  of  the  Si(>2  (Si)  towards  the  interface. 

The  prongs  of  free  hydrogen  generation  can  be  similarly  described  as  outlined  by  eq.  2-5.  Eq.  1 1  shows  the  chemical 
reactions  of  the  hydrogen  at  the  SiiVSi-  interface 


•  Si* +H--Si  -H  +  b  T, 


•  Si  +H- 


(ID 


Only  under  the  influence  of  a  positive  oxide  field  the  trapped  hole  can  move  into  the  silicon  substrate.  This  explains  the 
field  dependence  of  the  annealing  process. 


dN 

TT="N0«'kD  »<» 

The  annealing  of  Not  can  be  described  by  eq.  12.  With  the  initial  condition  Nol  = 

4  and  5  is: 


(12) 

N0O|  for  t~  0  the  solution  of  eq.  12  using  eq. 


Noi(t>  =  NOoie,P 


*0Kn 

kH-(n  - 1) 


(1  -  (n  klf  Hj  t+l  )  "  ) 


(13) 
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Fig.  6  Decreaseof  Not  during  annealing 


time  [  s  ] 


Fig.  ?  Annealing  behaviour:  Comparison  of  measured 
data  with  model  over  a  large  time  scale 


5  -  CONCLUSION 

The  presented  unified  model  of  charge  build  up  and  annealing  takes  into  account  that  the  same  defects  in  the  S1O2  are 
responsible  for  the  degradation  of  the  MOS-system  in  both  BT-stress  and  irradation.  The  generation  of  Qot  and  Dlt  is 
explained  by  the  thermal  or  hole  activated  breakage  of  the  «Si-H  bond.  The  time  dependence  of  the  degradation  and 
annealing  process  is  determined  by  reaction  and  diffusion  controlled  mechanisms  of  hydrogen  in  the  SiOj.  The  influence  of 
temperature  and  field  polarity  can  be  explained  quantitative  for  the  BT-stress  and  can  be  correlated  to  the  irradiation 
stress.  The  hot  electron  sensitivity,  the  delayed  generation  of  the  Dlt  after  irradiation  and  the  dose  rate  effects  can  also  be 
described  by  this  model.  In  addition,  the  feasibility  of  using  irradiation  as  a  time  accelerating  diagnostic  tool  for  long  term 
stability  prediction  has  been  shown  [35|. 
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A  NEW  PUNCHTHROUGH  MODEL  FOR  SHORT  CHANNEL  MOSFET 

D.  CHEN  and  Z.  LI 

Institute  of  Microelectronics ,  Tslnghua  University,  Beijing,  China 


Abstract  -After  the  source-drain  punchthrough  was  considered  detailiy,  a  new  set  of  analytical 
models  for  punchthrough  voltage  VP  were  suggested,  which  are  suitable  to  NMOSFET  with  uni¬ 
formly  doped  substrate  or  channel  ion-implanted  substrate  and  PMOSFET  with  buried  channel,  as 
well  as  a  high  speed  numerical  simulation  method  was  developed  for  autosearching  of  V>.  Excellent 
agreements  were  shown  between  the  results  of  numerical  simulation  and  analytical  models. 

The  source-drain  punchthrough  is  one  of  the  main  limit  factors  to  the  short  channel  MO.SFET. 
Based  on  a  rigorous  physical  consideration  of  this  effect,  a  new  analytical  model  and  a  high  speed 
numerical  simulation  method  for  the  punchthrough  voltage  V>  were  suggested. 

During  punchthrough  the  drain  current  mostly  flows  along  a  minimum  potential  path  (for 
NMOS)  in  the  bulk  silicon.  The  control  factor  of  this  current  is  the  potential  #/»  at  the  ridge 
point  (as  shown  in  Fig.l),  corresponding  to  the  electron  barrier  height  on  the  current  path.  At 
this  point,  we  have  dV/dx  =  di/dy  =  0,  and  the  current  can  be  expressed  as  Ip  =  I0exp(q*lkT)  . 
For  short  channel  devices  iP  is  mainly  dependent  on  drain  voltage  VDS  due  to  DIBL,  therefore  we 
can  define  VP  as  the  value  of  VD$  at  which 

*/>  =  1',t  =  2iF-nj 

where  n  is  determined  by  the  ratio  of  defined  punchthrough  current  value  and  gate  controlled 
channel  current  I  eh-  For  example,  when 

^  =  103,  n  =  8. 

hi 

By  this  definition,  an  autosearching  function  of  VP  (through  autosearching  of  *,()  was  imple¬ 
mented  in  the  3-  dimensional  device  simulation  program  TDMOSW  with  a  simple  algorithm.  The 
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excellent  agreement  of  the  calculated  values  with  the  experimental  results!2!  are  shown  in  Fig.2  and 
Fig.3.  Generally  no  more  than  100  seconds  CPU  time  is  required  for  each  searching  in  TDMOS 
running  on  VAXll/750. 

On  the  basis  of  above  physical  consideration,  a  set  of  analytical  expressions  for  VP  of  MOSFET 
in  different  cases  (NMOS  with  uniformly  doped  substrate  or  channel  ion-implanted  substrate  and 
PMOS  with  buried-channel)  had  also  been  derived  out.  The  derivation  is  based  on  the  solution  of 
Poisson’s  equation  by  quasi-two  dimensional  way  similarly  to  that  had  been  done  for  VT  by  Toyabe 
et  ail’l,  but  with  different  approximated  9(y)  in  different  cases. 

Following  are  the  expressions  of  VP  obtained  for  different  cases: 

(a)  NMOSFET  with  uniformly  doped  substrate: 


where 


Yp  =  -Wj/xlic, 

Vp  ♦tr,  +  DjA 


-*« -D/A 


1  4-6  Km  _Ka 


D.LNt-^Kl-!£jhl)V.s 


L  is  the  effective  length  of  channel,  VBs  is  the  substrate  bias,  Nb  is  the  substrate  doping  level,  #K 
is  the  built-in  voltage  which  is  determined  by 


K  =  — in( 
? 


where  Ns  is  the  donor  concentration  in  the  surface  of  source  region,  n,  is  the  intrinsic  concentration, 
W  is  the  effective  thickness  of  the  depleted  layer  which  can  be  expressed  approximately  by 


i j  is  the  source  and  drain  diffusion  depth,  tM  the  gate  oxide  thickness,  e,  and  t0J  are  permittivities 
of  silicon  and  oxide  respectively. 

The  constants  are  a,  =  1.5,  C2  =  1.8. 


(b)  NMOSFET  with  ion-implanted  channel  region: 


where  A  ad  D  are  expressed  by  the  same  formulas  as  that  in  the  case  (a),  but  W  is  determined 
by 

the  constants  C3  =  0.48,  Ct  =  1.7. 

According  to  the  fact  that  most  of  the  punchthrough  current  flows  in  the  depleted  layer  ( 
where  impurity  concentration  is  lower )  far  from  the  surface,  the  effective  length  of  current  path 
Lt/ 1  is  used  instead  of  the  gate  effective  length  L.  FVom  a  simple  geometrical  consideration,  we 
have 

Lt/i  =  l>  +  2(v/(7wT^-  z,) 

where  d  is  the  thickness  of  channel  ion-implanted  layer,  y„  is  expressed  by  ym  =  AraH''. 

(c)  PMOSFET  with  buried-channel: 


Vp 


-  +  Df‘ 

4*6,  -  D/A 


’Af 


tZ*L>c*-%  +  [)lA 


where 


yt„+wi+i) 

M  K,  +  ym)' 


2Vgs 

dW4 


Na  and  No  are  acceptor  and  donor  concentration  respectively,  the  effective  oxide  thickness 


d  is  the  thickness  of  the  surface  acceptor  layer,  ym  is  the  depth  of  the  point  of  potential  maximum 
which  is  determined  by 

_i W-fipWi 
ym~  Sa-Nd 

the  thickness  of  depleted  layer  W4  =  -  2 VBs  +  NaUX,  +  <tj) ]Nd  -  C 

the  constants  C$  =  1.7,  Ct  =  1.8. 

Fig.  4  and  Fig.5  are  examples  of  agreement  between  the  numerical  results  and  the  analytical 
results  for  case  of  channel  ion-implanted  NMOSFET  and  taking  the  given  parameters  as  variables. 
The  similar  excellent  agreement  is  observed  in  all  other  cases. 


Reference*: 
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HOT  CARRIER  SENSITIVITY  OF  MOSFET's  EXPOSED  TO  SYNCHROTRON-LIGHT 


G.  PRZYREMBEL ,  R.  MAHNKOPF  and  H.G.  WAGEMANN 
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Abstract  -  The  influence  of  synchrotron-light  irradiation  for  p-  and  n-channel  MOSFET's 
on  their  sensitivity  to  hot  carrier  degradation  was  investigated.  The  radiation  induces 
additional  interface  states  and  a  positive  oxide  charge.  Annealing  at  450°C  reduces  the 
interface  state  density  to  its  initial  value  but  not  the  oxide  charge.  A  hot  carrier 
stress  can  compensate  this  remaining  charge  by  trapping  electrons.  This  effect  produces 
an  enhanced  shift  of  the  threshold  voltage  compared  to  non-irradiated  devices.  After 
compensating  all  of  the  charge  due  to  the  irradiation  the  devices  have  a  degradation 
behavior  conparable  to  the  non  irradiated  ones. 


1  -  INTRODUCTION 

X-ray  lithography  is  expected  to  become  important  for  the  realization  of  MOSFET's  with  submi¬ 
cron  channel  lengths.  X-rays  however  are  damaging  the  oxide  by  the  generation  of  interface 
states  and  positive  oxide  charges.  An  complete  annealing  is  possible  only  at  elevated  tempera¬ 
tures.  Yet  after  the  metallization  of  the  wafer  with  aluminum  the  highest  applicable  tempera¬ 
ture  is  450°C.  Using  X-ray  lithography  for  structuring  the  aluminum,  an  annealing  of  the  ir¬ 
radiation  at  a  subsequent  temperature  step  of  less  than  A50°C  is  often  incomplete.  The  amount 
of  the  remaining  positive  oxide  charge  proves  different  for  various  technologies. 

A  highly  detrimental  behavior  of  short  channel  MOSFET's  is  the  effect  of  degradation  by 
hot  carriers,  which  has  been  proven  to  be  enhanced  for  devices  exposed  to  ionizing  radiation. 
This  correlation  was  recently  shown  for  n-channel  MOSFET's,  which  were  irradiated  by  a  10  KeV- 
X-ray  source  /I/. 

In  our  experiments  the  degradation  of  hot  carrier  stress  for  p-  and  n-channel  MOSFET's 
exposed  to  synchrotron-light  was  investigated.  The  wavelengths  of  the  radiation  facility  at 
the  BESSY  laboratory  IMT  in  Berlin  are  ranging  between  0.3  and  1.5  nm.  The  temperature  at  the 
subsequent  annealing  process  was  450°C,  the  highest  permitted  value  for  a  fully  processed  wa¬ 
fer.  The  stress  behavior  of  these  MOSFET's  was  compared  to  devices,  which  were  not  subjected 
to  the  radiation  and  annealing  procedure. 

2  -  DEVICE  PREPARATION  AND  MEASUREMENTS 

An  overview  of  the  whole  experimental  procedure  is  given  in  Fig.  1.  The  test  devices  are 
available  on  a  A"-wafer.  The  interface  trap  density  was  determined  by  the  charge  pumping  tech¬ 
nique.  The  single  steps  of  irradiation,  annealing  and  hot  carrier  stress  are  described  in  the 
next  sections: 

i.  Irradiation 

The  conditions  at  the  radiation  process  were  chosen  to  be  comparable  to  a  usual  exposure  step 
for  X-ray  resists  (e.g.  power,  time,  geometry). 
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MOSFET  devices; _ 

poly-gate,  d  =  38  nm 
p-channel:  L°*  =  2.2  pm,  W  =  500pm 
n-channel:  L®j.f  =  1.4  pm,  M  =  100pm 

measurement: _ 

VT  threshold  voltage  (transfer 
characteristic) 

Dit  interface  traps  (charge 
pumping) 

radiation  procedure: _ 

synchrotron-light  (BESSf) 
dose  =  0.37  J/cm1 

(power  ~  1 .5  n>W/cm' ,  time  -  240  sec) 

annealing: _ 

450°C,  15  min,  H ^  atmosphere 

hot  carper  r*°ss ; 

p-channel:  V  =  -  2.5  V,  I  =  -  40mA 
n-channel:  v“  =  +  4.0  V,  IjJ  =  +  40mA 


Fig.  1 :  Flowchart  and  parameter  of  the  experimental  procedure 

In  Fig.  2  the  transfer  characteristics  of  the  n-  and  n-channel  devices  before  and  after  irradi¬ 
ation  with  synchrotron-light  are  given.  The  shift  of  the  threshold  voltage  is  the  same  for  both 
p-  and  n-channel  devices.  The  increase  of  the  interface  state  density  can  be  deduced  from  the 
change  of  the  subthreshold  slope. 


vG/v 


Fig.  2:  Transfer  characteristics  of  p-  and  n-channel  MOSFET’ s 
before  and  after  irradiation  with  synchrotron  light 

ii.  Annealing 

The  annealing  of  the  radiation  damage  was  carried  ouu  at  450°C  in  ambient  for  15  min.  The 
density  of  the  interface  traps  reaches  the  initial  value.  For  a  lot  of  the  devices  the  posi¬ 
tive  oxide  charge  was  not  completely  reduced. 

iii.  Hot  carrier  stress 

The  stress  condition  for  the  p-channei  MOSFET  was  Vq  =  -  2.5 V  at  a  drain  current  of  Ip  =  -  40mA. 
The  n-channel  device  was  stressed  at  Vq  =  •:•  4V  and  Ip  =  40mA.  The  duration  of  the  stress  was 
1  rain  for  both  MOSFET-types. 
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3  -  RESULTS  AND  DISCUSSION 

In  table  I  the  values  for  the  threshold-voltages  V„  and  interface  trap  densities  D  are 
listed.  T 


n 

VT 

X 

0 

0.8 

0.8 

0 

0.6 

0.75 

0.81 

Dit 

X 

0 

c* 

O  O 

f- 

5  •  10'° 

7  •  10* 

o  o 

VT 

X 

0 

-  1 

-  1 

-  1.8 

-  1.25 

-  1.05 

-  0.99 

Dit 

X 

0 

rv  ro 

o  o 

1.35  10“ 

2  •  lO10 

1.75  10" 
1.12  10" 

1 

2 

3 

A 

1  initially  2  after  irradiation 

3  after  annealing 

A  after  hot- 
carrier  stress 

X 

procedure  with  radiation  step 

0 

procedure  without  radiation  step 

VT/V 

*  D 

u/eV‘  cm 

"2 

Table  I:  Average  values  of  threshold 

voltage  VT  and  interface  traps 
density  Dit  after  different 
treatment  (referring  to  one 
wafer  each) . 


Fig.  3  schematically  displays  the  course  of  the  threshold  voltage  V~  during  tie  experimental 
procedure.  The  lower  curve  of  both  devices  applies  to  hot-carrier-stress  with  preceding  irra¬ 
diation/annealing  treatment,  the  upper  ones  apply  to  hot  carrier  stress  only. 


Fig,  3:  Threshold  voltage  after 
different  treatment 


After  annealing  the  threshold  voltage  tends  towards  the  preradiation  value.  The  amount  of  this 
change  depends  on  the  time  and  temperature  of  the  annealing  step.  Often  there  is  no  complete 
reduction  of  the  positive  oxide  charge  producing  a  threshold  voltage  more  negative  than  the 
initial  value.  A  subsequent  hot  carrier  stress  gives  rise  to  a  neutralisation  of  the  residual 
charge.  Therefore  the  threshold  voltage  shift  is  enhanced  within  the  initial  phase  of  stress¬ 
ing.  Because  of  the  different  threshold  voltages  at  the  beginning  of  the  stress  the  effective 
gate  voltage  was  adjusted  according  to  equivalent  hot  electron  stress  conditions. 

Fig.  A  displays  the  shift  A stress  ^Cter  a  hot  electron  stress  of  1  min  as  a  function 
°f  AVT  anneal  >  which  is  the  difference  between  the  threshold  voltage  after  annealing  and  the 
pre-irradiation  value  and  an  indication  for  the  quality  of  the  annealing  process. 
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Fig.  A: 

Threshold  voltage  shift 
A  VT  stress  after  a  hot  elec¬ 
tron’  stress  versus  the  differ¬ 
ence  A  Vj  anneal  between  the 
threshold1  voltage  after  anneal¬ 
ing  and  the  pre-irradiation 
value.  A  Vf  anneal  results  from 
the  remaining  positive  charge 
after  irradiation  and  annealing. 


From  Fig.  A,  it  is  apparent  that  devices  with  a  higher  amount  of  residual  positive  charge  have 
a  higher  shift  in  threshold  voltage  for  the  same  stress  conditions.  After  neutralisation  of 
this  charge  the  MOSFET  will  show  a  stress  behavior  equal  to  a  non-irradiated  MOSFET.  This  fact 
can  be  taken  from  the  time  dependence  of  threshold  voltage  during  hot  electron  stress  given  in 
Fig.  5. 


STRESS  TIME  t  /  sec 


A  -  CONCLUSION 


Fig.  5:  Threshold  voltage  as  a 
function  of  time  during  hot 
electron  stress. 


An  enhanced  sensitivity  to  hot  electron  stress  for  devices  priorly  exposed  to  synchrotron 
light  was  observed.  This  effect  is  caused  by  a  positive  charge  generated  by  irradiation  and 
remaining  in  the  device  after  an  incomplete  annealing  process  at  A50°C.  This  charge  will  be 
compensated  by  the  hot  electrons  injected  into  the  oxide  resulting  in  a  significantly  higher 
threshold  shift  at  the  starting  phase  of  stressing.  This  phenomenon  was  observed  for  both  p- 
and  n-channel  MOSFET's.  A  complete  annealing  procedure  at  temperatures  applicable  to  fully 
processed  wafers  can  overcome  this  enhanced  stress  effect. 
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Abstract  -  The  annealing  of  fixed  oxide  charge  and  interface  states  generated  by  hot- 
carrier  stress  is  investigated  in  the  temperature  range  of  100°C  -  450°C.  First  order 
rate  equations  are  given,  which  approximately  describe  two  subsequent  processes  in¬ 
volved  in  the  annealing  and  ending  at  neutralization.  The  related  activation  energies 
are  determined.  For  comparison  the  annealing  of  synchrotron  light  induced  damage  is  ex¬ 
amined. 


1  -  INTRODUCTION 

Little  is  known  about  the  annealing  of  hot-carrier-induced  damage.  The  analysis  of  the  tempera¬ 
ture  dependence  can  lead  to  a  better  understanding  of  degradation  mechanism  in  MOSFET's  /I/.  In 
this  study  the  results  of  our  experiments  on  p-channel  MOSFET's  will  be  shown.  The  changes  of 
the  densities  of  fixed  oxide  charge  NQX  and  interface  states  Dit  due  to  the  hot  carrier  stress 
and  the  annealing  procedure  are  evaluated.  In  addition  to  the  influence  of  the  temperature 
(100°C  -  450°C)  on  the  annealing  step  the  time  dependence  was  investigated.  The  characteristic 
behavior  is  approximated  by  two  subsequent  first  order  reaction  steps. 

From  plotting  the  data  in  an  Arrhenius-diagram  the  activation  energies  for  the  annealing 
processes  of  the  oxide  charges  and  interface  states  are  determined.  To  clarify  the  influence 
of  a  different  prior  treatment  on  the  annealing  procedure,  the  same  temperature  steps  were 
carried  out  for  devices  irradiated  with  synchrotron  light  (at  the  IMT  Bessy  facility  Berlin). 
The  changes  of  Nox  and  Dit  were  evaluated  and  are  shown  for  comparison. 

2  -  EXPERIMENTS 

The  devices  used  were  polysilicon  gated  MOSFET's  with  gate  oxide  of  38  nm,  effective  channel 
length  of  2.2  pm  and  channel  width  of  500  pm.  The  MOSFET's  were  stressed  forone  minute  with  a 
gate  voltage  Vq  =  -  3  V  and  a  drain  voltage  Vp  =  -  16  V.  Before  and  after  stress  HF-capaci- 
tance  (CV)  and  change-pumping  (CP!  characteristics  were  measured.  From  this  the  density  of  the 
stress  generated  negative  oxide  charge  Nox  stress  was  determined  to  4.7*10‘‘cm  2.  The  increase 
of  interface  state  density  Dit  stress  amounts  to  1 . 5’ 1 01 °cm”2eV~ 1 .  After  hot  carrier  stress 
the  devices  were  annealed  in  a’N2-ambient  at  various  temperatures  ranging  between  100°C  and 
450°C. 

In  contrast  to  the  method  proposed  in  /I/  each  step  of  annealing  temperature  was  performed 
with  another  device  stressed  at  the  same  condition.  By  taking  the  same  device  over  all  steps  a 
different  behavior  for  the  annealing  progress  was  observed.  After  annealing  HF-CV  and  CP-char- 
acteristics  were  taken  again  to  monitor  the  change  of  Nox  and  Dit.  Additionally  for  two  de¬ 
vices  the  time  of  thermal  annealing  at  200°C  and  300°C  was  varied  subsequently  from  1  to  100 
min. 

In  comparison  the  whole  procedure  was  carried  out  with  devices  damaged  by  ionizing  radia¬ 
tion  instead  of  hot  carrier  stress.  The  irradiation  was  done  by  synchrotron  light  with  a  dose 
of  0.37  J/cm1 .  The  homogeneously  distributed  increase  of  charge  densities  in  the  channel  re¬ 
gion  was  determined  to  NQX  stress  :  A.5‘101  'em'2  and  Dit  s>ress  =  2.5'l0“cm"2eV-1 .  It  can 
be  confirmed  that  in  contrast  to  hot  carrier  stress  the  irradiation  induced  oxide  charge  has  a 


C4-772 


JOURNAL  DE  PHYSIQUE 


positive  sign  and  the  generated  interface  state  charge  is  more  than  a  decade  larger. 

3  -  RESULTS  AND  DISCUSSIONS 

Fig. la  shows  the  effect  of  the  temperature  treatment  for  the  hot  carrier  stressed  devices  by 
the  decrease  in  the  density  of  fixed  oxide  charge  A and  the  increase  in  interface  state 
density  ADit. 

*10“  *10” 


(1  /  T)  /  (IT1) 

Fig.  1:  Change  of  the  oxide  charge  density  A N  and  interface  state  density  ADit  as  a  func¬ 
tion  of  annealing  temperature  for  hot°carrier  stressed  devices.  The  same  data  are 
plotted  vs.  T  (a!  and  1/T  (b). 

The  stress  induced  density  of  fixed  oxide  charge  decreases  continuously  with  increasing  tem¬ 
perature.  Above  A00°C  no  further  decrease  occurs  because  the  stress  induced  charge  is  com¬ 
pletely  annealed.  The  interface  state  density  however  shows  an  increase  with  a  maximum  at 
30h°C.  This  behavior  can  be  understood  assuming  only  two  processes: 

process  1)  a  change  from  fixed  oxide  charges  0  (0  =  q*N  )  to  interface  states  D..  fol- 

lowed  bv 

process  2)  an  annealing  of  interface  states  D^,  ending  at  neutralized  charge: 

„  k i ( T )  „  kj(T)  , 

N  — i — *  D..  >-  neutralization 

OX  It 
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The  densities  of  the  charges  are  given  by  the  rate  equations,  where  k i  ( T )  and  k2(T)  describe 
the  rate  coefficients: 


d  N 

_ 5*.  -  i< .  (i)  •  n 

dt  "  1  ox 


d  D. 
it 

dt 


=  k,(T)  •  Nqx  -  k 2 ( T )  *  Du 


W 1  2 

with  kit2  :  k ,  j  2  0  *  exp(-  -j~r- ) 


In  Fig.  1b  the  results  are  shown  in  an  Arrhenius-plot.  From  the  slope  of  the  decrease  of  fixed 
oxide  charge  density  as  well  as  from  the  slope  of  the  increase  of  interface  state  density  an 
activation  energy  of  0.35  eV  for  the  transformation  process  1  can  be  evaluated.  This  indicates 
that  hydrogen  may  be  involved  in  the  process  of  annealing,  which  has  been  suggested  by  several 
authors  /2,3/. 

Fig.  2  shows  the  time  dependence  of  annealing  for  the  temperatures  Ti  =  200°C  and  T2  = 
300°C.  At  200°C  the  interface  state  density  is  still  increasing  with  increasing  time,  at  300°C 
however  the  process  of  interface  state  annealing  (process  2)  begins  to  predominate  the  process 
of  interface  state  generation  from  fixed  charge  (process  1)  after  10  min.  So  the  time  depend¬ 
ence  of  the  annealing  agrees  well  with  the  proposed  model. 
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Fig.  2:  Time  dependence  of  annealing  for  Ti  s  200°C  and  T2  =  300°C 

In  Fig.  3  the  effect  of  the  temperature  treatment  for  the  synchrotron-irradiated  devices  is 
shown.  The  induced  densities  of  positive  fixed  oxide  charge  as  well  as  interface  state  charge 
are  decreasing  continuously  with  increasing  temperature. 

Consequently  both  fixed  oxide  charges  the  positive  one  at  irradiated  devices  and  the  nega¬ 
tive  one  at  hot  carrier  stressed  devices  are  decreasing  with  temperature.  The  interface  state 
charge  however  is  decreasing  for  irradiated  and  increasing  for  hot  carrier  stressed  devices. 
This  behavior  can  be  explained  by  the  different  relation  between  interface  state  charge  and 
fixed  oxide  charge  at  the  beginning  of  the  temperature  treatment. 

The  Arrhenius-plot  for  the  irradiated  devices  is  shown  in  Fig.  3b.  From  the  slopes  an  ac¬ 
tivation  energy  of  W  =  0.35 eV  can  be  evaluated  for  the  decrease  of  both  densities.  According 
to  that  the  same  physical  mechanism  may  be  supposed  for  the  annealing  of  damage  induced  by  hot 
carriers  and  synchrotron  radiation. 
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Fig.  3: 

Change  of  the  oxide  charge  density 
ANox  and  interface  state  density 
AD.fc  as  a  function  of  annealing  tem¬ 
perature  for  irradiated  devices. 

The  same  data  are  plotted  vs.  T  (a) 
and  1/T  (b). 


4  -  CONCLUSION 

The  annealing  of  damage  generated  by  hot  carriers  within  MOSFET  devices  was  investigated.  At 
p-channel  devices  the  density  of  negative  oxide  charge  N  is  decreasing  in  the  whole  range  of 
temperature.  On  the  other  hand  the  interface  state  densi?^  D  is  increasing  at  temperatures 
below  400°C  indicating  a  transformation  process  for  the  fixea  oxide  charge.  This  behavior  can 
be  approximated  by  two  subsequent  first  order  reactions.  The  activation  energies  of  the  genera¬ 
tion  of  the  intermediate  product  D  and  of  the  decrease  of  the  primary  product  N  were  deter¬ 
mined  to  ~  0. 35eV.  This  value  suggests  the  participation  of  hydrogen  atoms  in  the°annealing 
process.  Measurements  on  devices  treated  with  ionizing  irradiation  instead  of  hot  carrier 
stress  provide  the  same  activation  energies.  These  devices  however  are  showing  a  decrease  of 
interface  state  density  even  at  low  temperatures. 
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Abstract  -  A  new  method  is  presented  for  the  experimental  evaluation  of  the  spatial  dis¬ 
tribution  of  interface  states  and  fixed  oxide  charges  generated  by  hot  carriers.  This 
method  is  fully  based  on  HF-capacitance  (CV)  and  charge-puraping  (CP)  measurements.  A 
general  discussion  of  the  method  is  followed  by  an  application  to  MOSFET's  with  differ¬ 
ent  channel  lengths  stressed  with  various  bias  conditions. 


1  -  INTRODUCTION 

Hot  carrier  damage  in  MOSFET's  is  inhomogenously  distributed  over  the  channel  region.  Maximum 
damage  has  been  observed  at  the  drain  side,  where  the  hot  carrier  injection  is  predominant  due 
to  the  high  field  strength  / 1-5/.  In  this  work  a  method  is  presented,  which  allows  the  deter¬ 
mination  of  the  spatial  distribution  of  hot  carrier  generated  interface  states  as  well  as 
fixed  oxide  charge.  HF-capacitance  (CV)  and  charge-pumping  (CP)  characteristics  taken  before 
and  after  stress  are  sufficient  for  achieving  all  information. 

For  the  determination  of  the  local  position  in  the  channel  our  method  neither  needs  the 
one-dimensional  equation  for  the  depletion  width  /I -3/  nor  a  2-dimensional  simulation  program 
(e.g.  MINIMOS)  /A, 5/.  The  first  one  does  not  truly  describe  the  surface  conditions,  the  sec¬ 
ond  one  depends  on  the  evaluation  of  several  model  parameters. 

The  next  section  will  give  a  detailed  explanation  of  the  measurement  and  evaluation  pro¬ 
cedure.  Tnen  the  results  of  systematically  varied  stress  conditions  will  be  described. 

2  -  EVALUATION  METHOD 

The  MOSFET's  under  test  are  p-MOS  and  n-MOS  devices  with  a  poly-gate  and  an  oxide  thickness  of 
38  nm.  The  channel  width  W  is  100  pm,  the  channel  length  L^^l.l  pm  or  2.0  pm  for  p-MOS  and 
2.5  pm  for  n-MOS  devices  respectively. 

i)  p-MOS 

First  the  procedure  for  the  determination  of  the  spatial  distribution  of  hot  carrier  induced 
damage  is  demonstrated.  A  p-MOSFET  with  an  effective  channel  length  of  2.0  pm  is  stressed  for 
1  min  with  a  gate  voltage  Vq  =  -  3  V  and  a  drain  voltage  Vp  =  -  16  V.  Under  this  condition 
avalanche  hot  electrons  are  injected  into  the  oxide. 

HF-CV  characteristics  of  the  gate-substrate  capacitance  are  measured  before  and  after 
stress  with  the  source  and  drain  terminals  grounded  (Fig.  la).  After  stress  the  capacitance 
approaches  the  accumulation  level  asymptotically  at  a  higher  level  of  gate  voltage  than  be¬ 
fore,  indicating  local  regions  with  a  different  density  of  fixed  negative  charge.  The  ratio 
between  the  capacitance  before  and  after  stress  at  a  given  gate  voltage  is  regarded  as  a 
measure  for  the  channel  area  under  accumulation. 

The  spatial  distribution  of  the  interface  states  is  deduced  from  charge  pumping  measure¬ 
ments,  also  taken  before  and  after  hot  carrier  stress  (Fig.  1b).  The  low  level  of  the  gate- 
pulse  is  kept  constant  while  varying  the  high  level.  So  after  stress  the  regions  of  enhanced 
negative  charge  can  be  scanned  with  increasing  the  high-level  of  gate  voltage. 
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For  moderate  high  levels  the  pumpcurrent  is  lower  than  initially;  parts  of  the  channel 
area  near  the  drain  junction  can't  reach  accumulation  due  to  the  induced  negative  fixed  oxide 
charge.  Then  at  a  specific  value  of  high  level  voltage  the  pumpcurrent  IGp  rises  sharply  be¬ 
cause  of  the  additional  interface  states  in  the  stressed  region  now  contributing  to  the  pump- 
signal.  The  correlation  between  the  gate-level  and  the  position  in  the  channel  is  taken  from 
the  CV-measureraents. 


vG/ V 


Fig.  1:  Gate-substrate  capacitance  CGB  vs.  gate  voltage  VQ  !a)  and  charge-pumping  current  I~ 
vs.  gate-high-level  VGB  (b)  for  a  p-HOSFET  before  and  after  hot  carrier  stress 


In  Fig.  2  distributions  of  the  generated  densities  for  'different  channel  lengths  and  different 
drain  voltages  for  stress  are  shown.  For  higher  drain  voltages  an  enhanced  maximum  of  the 
charge  densities  and  an  extension  into  the  channel  can  be  observed. 
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Fig.  2:  Generated  densities  of  interface  states  A  Dit  and  fixed  oxide  charge  A  Nox  as  a  function 
of  position  after  hot  carrier  stress  for  p-MOSFET's  with  different  channel  lengths  and 
different  drain  stress  voltages. 

The  stress  induced  interface  state  densities  are  smaller  than  the  densities  of  fixed  oxide 
charge.  This  relation  is  mostly  seen  at  p-MOS  devices  and  allows  to  extract  the  distribution 
of  fixed  oxide  charge  from  CV-measurements. 
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The  spatial  distributions  of  the  stress  induced  charge  densities  A  Nox  and  AD-^  are  given  by 
the  expressions 
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In  Fig.  3  the  total  amount  of  the  stress-induced  oxide  charge  A  Qox  is  shown  as  a  function 
of  the  injected  charge  Qq  flowing  across  the  oxide  during  stress.  It  can  be  seen  that  for  the 
same  amount  of  charge  Qq  an  equal  build-up  of  trapped  charge  A  Qox  exists  for  both  MOSFET's 
with  different  channel  lengths  (see  Fig.  2a:  ^eff  -  1.1  pm,  Vp  =  -  16  V  •*-*■  :  2.0  pm, 

VD  =  -  20  V). 


Fig.  3: 

Stress  induced  oxide  charge  A  Qox 
as  a  function  of  the  injected 
charge  for  different  channel 
lengths  and  different  drain  stress 
voltages 


ii)  n-MOS 


In  Fig.  4  the  measured  characteristics  for  n-MOSFET's  with  an  effective  channel  length  of 
2.5  pm  before  and  after  hot  carrier  stress  are  shown.  Two  stress  conditions  with  different  gate 
voltages  were  chosen.  It  has  been  verified  that  for  the  gate  voltage  of  1.5  V  hot  holes,  and 
for  the  gate  voltage  of  8.0  V  hot  electrons  are  predominantly  injected  into  the  oxide. 


9.0 


0.0 


b 


Fig.  4:  Gate-substrate  capacitance  CQg  vs.  gate  voltage  Vq  (a)  and  charge-pumping  current  Iqd 
vs.  gate-low-level  Vqq  (b)  for  a  n-MOSFET  before  and  after  hot  carrier  stress 
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From  the  HF-CV-characteristics  a  build-up  of  positive  oxide  charge  for  the  stress  at  lower 
gate  voltage  can  be  seen.  The  stronger  electron  injection  at  higher  gate  voltage  causes  no 
significant  change  of  the  characteristic. 

From  the  CP-measurements  the  positive  oxide  charge  generated  at  1.5  V  is  indicated  by  a 
continuous  increase  of  the  pumpcurrent  over  a  range  of  nearly  6  V.  For  the  stress  carried  out 
at  Vq  =  8  V  the  CP-characteristics  show  no  remarkable  oxide  charge.  This  is  in  accordance  with 
the  statement  drawn  from  the  CV-measurement  and  can  be  explained  by  a  low  efficiency  of  the 
damage  process  induced  by  injected  electrons.  This  contrasts  to  the  behavior  of  the  p-MOS  de¬ 
vices.  Furthermore  it  can  be  seen  from  the  CP  characteristics  that  the  generation  of  interface 
states  is  more  pronounced  for  stressing  by  the  lower  gate  voltage. 

In  Fig.  5  the  spatial  distribution  of  generated  oxide  charge  for  a  n-MOSFET  stressed  at 

Vq  =  1.5  V  is  shown.  The  evaluation  was  performed  with  the  CV-characteristics  given  in  Fig.  4a. 
The  induced  charge  is  located  in  a  very  narrow  region  (£  50  nm)  at  the  drain  end  of  the  chan¬ 
nel.  This  value  is  commonly  assumed  for  the  extension  of  damage  to  n-MOSFET's. 
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Fig.  5:  Generated  density  of  fixed  oxide  charge  A  Nox  as  a  function  of  position  after 
hot  carrier  stress  for  a  n-MOSFET. 

3  -  CONCLUSION 

With  the  presented  method  the  spatial  distributions  of  hot  carrier  induced  interface  traps  and 
fixed  oxide  charges  can  be  determined  seperately.  The  influence  of  various  stress  conditions 
on  the  distribution  of  the  damage  along  the  channel  has  been  investigated.  Examples  for  differ¬ 
ent  channel  lengths  and  bias  conditions  have  been  given  in  this  work.  Comparative  studies  of 
p-  and  n-MOS  devices  demonstrate  the  different  stress  behavior  of  both  types.  A  further  insight 
into  the  mechanism  of  degradation  can  be  expected. 
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ABSTRACT- An  analysis  of  MOS  transistor  hot  carrier  degradation  is  presented,  based  upon  experimental,  simulated 
and  analytical  study.  The  transconductance  curve  study  is  shown  to  be  a  good  tool  for  the  correct  characterization  of 
the  stress  induced  damage,  and  experimentally  observed  transconductance  degradations  are  reproduced  by  simulations 
and  by  means  of  a  simple  analytic  model.  The  usual  classification  of  damage  in  terms  of  threshold  voltage  shift  and 
maximum  transconductance  degradation  is  shown  to  fail  under  general  conditions,  where  structural  alterations  of 
electrical  characteristics  take  place. 


1  Introduction 

Due  to  the  strong  increase  of  electric  fields  inside  short  devices,  hot  carrier  degradation  is  one  of  the  most  outstanding 
limits  to  transistor  dimensions  scaling  down  for  VLSI.  This  work  presents  an  approach  to  this  problem  devoted  to  a 
correct  characterisation  of  the  effect  of  hot  carrier  aging  on  MOS  devices,  based  upon  the  analysis  of  transconduc¬ 
tance  curve  alterations  induced  by  stress,  to  achieve  the  physical  interpretation  of  the  electrically  measured  effects. 
We  assume  in  this  work  that  electric  charge  be  present,  after  stress,  in  some  region  of  the  gate  oxide  and/or  of  the 
oxide/  silicon  interface,  following  a  general  agreement  on  this  topic.  Experimental  results  are  discussed  together  with 
device  2-D  simulations,  and  an  analytic  two-piece  model  is  presented  which  reproduces  and  explains  the  observed 
transconductance  degradations. 


2  Experimental 

The  experimental  measurements  were  performed  on  N- channel  conventional  devices:the  device  of  figure  1  had  1.5pm 
gate  length  and  1.4pm  effective  channel  length  and  the  device  of  figure  2  had  1.2pm  gate  length  and  0.95pm  effective 
channel  length  .  The  characteristics  of  the  native  device  were  compared  to  the  after  stress  curves  using  a  HP  4145 
semiconductor  parameter  analyser.  Fig.l  reports  the  degradation  of  transconductance  and  drain  current,  each  curve 
being  taken  after  a  stress  cycle  composed  by  1000  sec.  at  Vd=9V,Vg=lV  and  10  sec.  at  Vd=8.5V,  Vg=8.6V. 
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This  kind  of  stress  cjcle  is  used  in  order  to  inject  holes,  thus  creating  electron  traps  in  the  oxide,  and  to  fill  then 
those  traps  with  the  second  stress  step  [1];  it  should  then  represent  a  kind  of  worst  case  for  aging,  also  simulating  a 
dynamic  operation  of  the  device.  Fig. 2  reports  the  degradation  of  transconductance  and  drain  current,  after  100  sec 
at  Vd=8V,Vg=lV  and  20  sec  at  Vd=8V,  Vg=8V.  It  can  be  seen  that  in  fig.l  an  hump  in  the  transconductance  curve 
takes  place  after  some  stress  cycles,  modifying  the  usual  structure  of  the  characteristic,  while  in  fig. 2  the  maximum 
transconductance  peak  is  higher  after  the  stress  cycle  than  in  the  native  device  (overshoot).  It  can  be  also  seen  that 
these  effects  are  not  easily  observed  in  the  Id  vs.  Vg  curves. 


3  Simulations 

Simulation  results  foT  aging  effects  on  current  characteristics  have  been  discussed  in  [2];  the  experimentally  observed 
transconductance  degradations  have  been  here  reproduced  by  means  of  2-D  device  simulations,  using  the  Poisson 
and  continuity  solver  HFIELDS  [3].  The  results  of  simulations  are  shown  in  fig. 3  and  4.  The  simulation  conditions 
were: 

•  damage  extension:  -100  nm;  interface  fixed  negative  charge  concentration:  2  10I2cm  2  (fig. 3) 

•  damage  extension:  40  nm;  interface  fixed  negative  charge  concentration:  2  •  I012cm“2  (fig. 4) 

The  minus  sign  in  the  first  item  damage  extension  means  that  charge  is  localised,  starting  from  the  metallurgical 
junction,  towards  the  bulk  of  the  drain  junction.  In  the  second  simulation  charge  is  localized  above  the  channel.  A 
qualitative  agreement  between  experimental  results  and  simulations  can  be  readily  seen. 


4  Analytic  modeling 

The  fundamental  hypothesis  of  this  section  is  that  an  hot  carrier  aged  transistor  ran  be  modeled  as  the  series  of  two 
devices:  a  first  one,  with  the  unchanged  properties  of  the  original  transistor,  and  a  second  one.  with  some  alterations 
in  electrical  parameters  caused  by  the  hot  carrier  injection.  To  reproduce  analytically  this  conditions,  an  empirical 
function  has  been  chosen,  reproducing  the  qualitative  behavior  of  a  MOS  transistor.  Expression  (1)  shows  the  de¬ 
pendence  of  transconductance  on  gate  voltage  as  it  has  been  chosen  in  th: .  work: 

${*)  =  +  tanh(k(z  -  a))]  ( 1 ) 

The  function  (1)  gives  a  good  fit  of  linear  MOST  transconductance  under  a  constant  mobility  assumption. 
The  constant  mobility  approximations  has  been  taken  in  order  to  emphasize  the  effects  of  aging  of  transconductance 
structure,  avoiding  to  mix  them  with  the  usual  transconductance  decrease  due  to  mobility  degradation.  The  primitive 
function  of  (1)  thus  represents  the  conductance  of  the  device  in  the  linear  region: 

G(z)  =  ^[log(cosh(k{z  -  a)))  +  k(z  -  o)  +  log( 2)|  (2) 

It  can  be  seen  that  both  these  functions  depend  on  three  parameters,  n,  k  and  A ,  respectively  representing,  as  it 
can  be  easily  verified,  the  threshold  voltage,  the  subthreshold  slope  and  the  linear  gain  of  the  transistor.  The  model 
of  the  aged  transistor  is  thus  achieved  by  calculating  the  transconduct anre  of  a  series  of  two  devices,  both  of  them 
being  represented  by  expressions  like  (1)  and  (2)  for  g(x)  and  G(x),  but  with  generally  different  values  for  r».  k  and 
1.  Fig.  5  shows  the  result  of  the  application  of  this  model  with  different  values  for  all  the  parameters  involved  in 
the  analytic  expressions,  while  fig.  6  reports  the  transconductance  calculated  when  only  A  and  o  assume  different 
values. 
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5  Discussion  and  conclusions 

The  comparison  of  the  experimental,  simulated  and  analytical  results  presented  in  the  previous  sections  shows  that: 

•  the  experimental  effects  can  be  reproduced  by  2-D  device  simulations  under  the  simple  hypothesis  that  trapped 
negative  charge  is  present  in  the  gate  oxide  or  at  the  interface.  Different  charge  localizations  lead  to  structurally 
different  effects. 

•  a  simple  two-piece  analytic  model  reproduces  agein  both  the  experimental  and  simulated  data;  in  the  ana¬ 
lytic  case,  qualitatively  different  transconductance  degradations  are  calculated,  depending  on  the  number  of 
parameters  on  which  the  degradation  is  supposed  to  act. 

The  alteration  of  the  parameters  A  and  a  in  (1)  and  (2)  gives  a  result  consistent  with  the  output  of  the  2-D  simulation 
of  a  device  when  the  damaged  region  is  extended  above  the  channel;  this  shows  that  the  main  effect  of  this  kind  of 
damage  is  the  local  alteration  of  the  threshold  voltage  of  a  region  of  the  transistor,  thus  leading  to  an  aged  device 
operating  like  a  series  of  two  transistors,  with  different  lengths  and  thresholds;  the  overshoot  in  the  transconductance 
curve  taking  place  in  this  situation  as  an  effect  of  control  exchange  between  the  two  transistors  of  the  series  was 
discussed  in  [4].  The  situation  becomes  more  intricate  when  an  additional  hump  takes  place  in  the  aged  device 
transconductance;  we  have  shown  here  that  this  effect  is  reproduced  by"  device  simulation  if  the  damaged  region  is 
extended  in  the  gate/drain  overlap  region,  and  by  analytic  modeling  when  also  the  subthreshold  slope  is  supposed  to 
be  affected  by  aging.  These  results  can  be  explained  by  observing  that,  when  the  trapped  charge  is  localized  in  the 
overlap  region,  it  exists  in  the  channel  a  quickly  decreasing  potential,  due  to  the  charge  itself,  which  gives  a  spatially 
variable  threshold  to  the  terminal  region  of  the  channel.  This  region  will  so  show  a  generally  different  subthreshold 
slope,  in  agreement  with  the  analytical  result.  An  other  interpretation  of  the  subthreshold  alteration  can  be  given 
by  the  presence  of  aging  induced  fast  interface  states  in  a  localized  region  of  the  channel,  which  could  be  detected 
e.g.  with  the  charge  pumping  technique. 

The  results  presented  in  the  previous  sections  show  that  the  analysis  of  transconductance  is  needed  for  the 
characterization  of  aging  effects  when  significant  structural  modifications  take  place  in  the  electrical  characteristics 
of  a  device.  As  device  dimensions  scale  down,  the  structural  alterations  induced  by  hot  carrier  aging  become  stronger 
and  stronger;  we  have  suggested  a  scheme  of  analysis  that  can  help  in  the  identification  and  classification  of  the 
observed  effects  in  terms  of  damage  intensity  and  spatial  localization,  together  with  the  conventional  characterization 
techniques.  A  complete  hot  carrier  degradation  picture  should  give  the  correlation  between  the  operation  conditions 
and  the  electrical  device  degradations;  the  here  proposed  model  provides  the  link  between  the  physical  damage  and 
the  observed  degradation,  giving  information  about  the  stressed  device  which  could  be  hardly  deduced  from  the 
experimental  or  simulated  analysis  of  current  characteristics. 
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Fig.  1-Experimental  transconductance  hump 
after  hot  carrier  stress  (stress  condition  re¬ 
ported  in  the  text) 


0  I  Z  3 

V|  (Veits) 

Fig. 3-Simulation  of  transconductance 
hump;  negative  charge  in  the  gate/drain 
overlap  region  (lOOnm,  2  •  10l,cm~’) 
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Fig.5-  Analytically  calculated  transcon¬ 
ductance  hump;  degradation  of  a,  .-1  and 
fc;  constant  mobility 


Fig.2-Experimental  transconductance  over¬ 
shoot  after  hot  carrier  stress  (stress  con¬ 
ditions  reported  in  the  text) 
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Fig. 4- Simulation  of  transconductance 
overshoot;  negative  charge  above  the  chan¬ 
nel  (30nm,  2  •  I012cm~2) 
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Fig. 6- Analytically  calculated  transcon¬ 
ductance  overshoot;  degradation  of  a  and 
A\  constant  mobility 
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OXIDE  DEGRADATION  AND  BREAKDOWN  IN  STRESSED  MOS  CAPACITORS 
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Resunie-'Jn  nouveau  model  qui  relatione  les  phenomenes  de  degradation  et  de  rupture 
de  rupture  de  couches  minces  de  SiO  dans  des  dispositifs  MOS  a  ete  presente.  Le 
point  principal  de  ce  model  e'est  que  la  vitesse  de  generation  de  pieges 
d' electrons  est  proportionelle  a  l'energie  dissipee  dans  la  couche  d'oxyde.  Dans  ce 
scheme,  l1 evolution  experimentalle  de  la  tension  apliquee  en  experiences  de  stress 
a  courant  constant  et  la  relation  quasi-linearie  entre  log( temps  de  rupture)  r  - 
log(densite  de  courant)  ont  ete  predites. 


Abstract-A  new  model  that  relates  the  degradation  and  breakdown  phenomena  of 
SiO^  films  has  been  presented.  The  crux  of  the  model  is  that  the  trap  generation 
rate  is  proportional  to  the  energy  lost  by  the  electrons  by  interaction  with  the 
Si02  lattice.  In  this  framework,  the  experimental  evolution  of  the  applied  voltage 
in  constant-current  stress  experiments  and  the  quasi-linear  relationship  between 
log(time-to-breakdown)  and  log(current  density)  have  been  predicted. 


1  -  INTRODUCTION 

Intrinsic  dielectric  breakdown  of  thin  SiO^  films  has  been  received  considerable  attention 
in  the  recent  literature.  A  deeper  understanding  of  this  phenomenon  is  needed  when  dealing 
with  reliability  problems  of  high-quality  thin  oxide  films  suitable  for  VLSI  devices. 
Nowadays,  it  is  widely  accepted  that  the  intrinsic  breakdown  is  an  history-dependent 
process.  Two  stages  have  to  be  considered:  a  pre-breakdown  stage  during  which  the 
injection  damages  the  Si02  lattice  and  a  very  fast  runaway  process  that  produces  a 
low-resistance  ohmic  path  between  the  electrodes.  In  this  paper,  we  focus  our  attention  on 
the  pre-breakdown  process  and  in  determining  the  critical  conditions  that  trigger  the 
final  runaway. 

Two  main  models  to  describe  the  pre-breakdown  physics  have  been  presented  in  the  past  few 
years.  The  first  one,  developped  by  Harari  /l/,  . ostulates  that  the  breakdown  is  due  to 
the  progressive  accumulation  of  negative  charge  in  the  oxide  bulk  that  increases  the  anode 
field  until  a  critical  value  is  reached.  The  second  one,  presented  by  Chen  and  co-workers 
/2/,  proposes  a  positive  feedback  mechanism  of  local  enhacement  of  the  cathode  field  due 
to  hole  trapping  near  the  cathode  interface.  Even  though  some  correlations  have  been  found 
between  the  generation  of  positive  charge  and  the  breakdown  /3,4/,  the  generation  of 
positive  charge  reaches  most  of  its  amount  after  times  which  are  much  shorter  than  the 
normal  times-to-breakdown.  While,  the  generation  of  electron  traps  ejoes  not  saturate. 
Hence,  in  this  paper,  we  will  consider  that  the  degradation  of  the  Si02  structure  is 
reflected  in  the  generation  of  new  electron  traps. 

In  the  presented  model,  it  has  been  assumed  that  a  fixed  degree  of  degradation  must  be 
achieved  or,  what  is  the  same,  a  critical  density  of  electron  traps  mu3t  be  reached  to 
trigger  another  mechanism  that  brings  the  oxide  to  breakdown  after  a  very  fast  runaway 
process.  The  breakdown  is  always  triggered  locally  because  the  creation  of  defects  is  not 
homogeneous  over  the  whole  structure  area.  For  this  reason,  the  breakdown  is  a  random 
phenomenon  and  it  has  to  be  treated  statistically.  In  the  presented  model,  all  the 
breakdown  parameters  (time-to-breakdown,  charge-to-breakdown,  defect  density  at  breakdown, 
etc.)  must  be  understood  as  mean  values. 


2  -  DEGRADATION  AND  BREAKDOWN  IN  MOS  STRUCTURES 

In  stress  experiments,  part  of  the  kinetic  energy  of  the  injected  electrons  is  dissipated 
by  interaction  with  the  SiO-  lattice.  Only  a  very  small  fraction  of  this  energy  is 
converted  into  the  creation  of  deep  electron  traps.  Some  of  the  generated  traps  are  filled 
with  electrons  and  the  resulting  negative  charge  distribution  modifies  the  electric  field 
in  the  oxide.  Thus,  the  stress  conditions  have  to  be  changed  to  mantain  the  poress 
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specifications .The  breakdown  is  triggered  by  the  presence  of  a  critical  density  of  created 
defects,  Nbd,  generated  after  dissipation  of  a  critical  energy  per  unit  of  volume, 
E  =N.,  A  •  where  A  is  the  average  energy  to  create  one  electron  trap.  Because  of  the 
statistical  nature  of  breakdown, N  would  depend  on  the  structure  area:  the  smaller 
capacitor  area,  the  greater  N^.  On  the  other  hand,  will  depend  on  the  oxide  thickness 
in  accordance  with  the  thickness  dependence  of  the  mechanism  that  controls  the  final 
runaway . 

It  is  possible  to  define  a  time-dependent  degradation  degree  as  D(t)=N(t)/N^^,  where  N(t) 
is  the  density  of  generated  defects  until  time  t.  The  degradation,  D,  varies  between  0, 
non-degradated  oxide,  and  1,  breakdown  threshold.  The  fraction  of  dissipated  energy  that 
is  used  to  create  the  electron  traps  is  defined  as  dEa=|3dE,  where  dE  is  the  differential 
energy  density  used  to  create  the  traps.  (3  will  obviously  depend  on  the  temperature  at 
which  the  stress  experiment  is  performed  and  on  the  particular  oxide  structure  that  varies 
with  the  technological  process  used  in  the  fabrication  of  the  MOS  structure. 

The  total  energy  density  that  is  dissipated  per  unit  of  time  in  the  SiC>2  conduction  band 
is  given  by  the  Joule  law: 


dE  ( t ) 


J(t)F(t) 


dt 


(1) 


F(t)  being  the  average  electric  field  in  the  oxide  and  J(t)  the  flowing  current  density. 
For  the  high  fields  used  in  the  stress  experiences,  the  current  will  be  given  by  the 
Fowler-Nordheim  expression.  To  take  into  account  the  effects  of  the  negative  trapped 
charge,  we  will  assume,  as  a  first  approximation,  that  the  F-N  expression  remains  valid  if 
the  average  field,  F(t),  is  changed  by  the  field  at  the  injecting  electrode,  F*(t),  that 
for  the  case  of  a  homogeneus  distribution  of  trapped  charge  is  given  by: 


F'(t) 


F  ( t )  + 


f( t)  tox 
2  Cox 


(2) 


being  tQx  the  insulator  thickness,  ^(t)  the  trapped  charge  density  at  time  t,  and  £  the 
Si02  permitivity  constant.  We  have  assumed  that  /  (t)=-qN(t)  that  means  that  aff  the 
generated  defects  are  filled  up  with  electrons.  This  fact  is  not  strictly  the  case, 
because  of  the  actual  trapping-detrapping  mechanisms  /5/.  In  any  case,  to  be  consistent, 
one  can  give  a  different  physical  meaning  to  /3  and  define  it  as  the  efficiency  of 
creation  of  the  traps  that  are  filled  in  the  steady  state  of  the  trapping-detrapping 
processes.  It  has  been  experimentally  shown  /5/  that  the  trap  generation  rate  depends 
exponentially  on  the  oxide  field.  However,  having  redefined  /3  in  terms  of  the  occupied 
traps,  to  consider  /J  independent  of  the  applied  field  is  a  very  good  first  approximation 
because  the  increase  in  the  generation  of  traps  at  high  fields  is  compensated  to  some 
extent  by  the  easier  detrapping  at  those  fields. 

In  constant-current  stresses,  the  current  density  must  be  fixed  at  a  value  J=J  ,  and 

hence,  the  applied  voltage  has  to  be  increased  to  compensate  for  the  influence  of  the 

increasing  number  of  trapped  electrons  /1-4/.  Derivating  equation  (2)  and  since 

9  (t.)=-qE  (t)/A  ,  it  follows  that: 

*  a 

dj  (t)  -qji  dE  ( t ) 

dt  A  dt  (3) 

Then,  using  equation  (1)  for  dE(t)/dt,  with  the  condition  ?' ( t)=constant  (this  condition 
is  a  direct  consequence  of  the  constancy  of  the  current),  the  differential  equation  that 
describes  the  evolution  of  V(t)=F(t)tox  is  obtained  and  its  solution  is: 

V(t)  =  v(0)exp|i-J  (4) 

where  =2  ^oxA  /q/J  t  J  ,  being  V ( 0 )  the  oxide  voltage  at  t=0  if  the  oxide  is  initially 

non-degradateu?  The  evo?u?ion  of  the  degradation,  D(t)=E( t)/E.  . ,  can  be  easily  calculated 

substituting  equation  (4)  in  equation  (1)  and  integrating.  Then,  applying  the  breakdown 

condition  D(t.  -)=1,  one  obtains: 
bd 

\d  "  rv  Lnf  +  FT§)} 

where  Fqq  =  ( toxcl,,tld)/(2  €  ox )  •  The  average  charge  injected  to  breakdown, 


is  given  by 
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the  product  J  t..  Doing  so,  it  can  be  concluded  that  higher  currents  have  associated 

lower  values  of  Q.  .. 

bd 

3  -  DISCUSSION  AND  RESULTS 

In  order  to  compare  our  theoretical  predictions  with  the  experimental  data,  we  have 
analyzed  the  degradation  characteristics  corresponding  to  four  VLSI  PolySi-SiO  -Si(n) 
samples  (t  «  100  X)  taken  out  from  the  literature  /1,6,7/.  We  have  used  the  following 
procedure : °fitting  the  data  in  the  linear  regime  of  the  V(t)  characteristic  (since  the 
condition  t  Z  is  always  satisfied,  equation  (4)  can  be  approximated  by  a  straight 
line),  we  obtain  the  value  of  Z  .  Prom  the  value  of  Z  we  can  directly  obtain  fi  /A  .  On 
the  other  hand,  from  the  experimental  t^  values,  we  have  calculated  N^d  for  each  sample. 
All  these  results  are  presented  in  table  I.  Also  in  this  table,  one  can  see  that  N  is  of 
the  same  order  of  magnitude  for  all  the  samples.  The  small  variations  can  be  attributed  to 
differences  in  the  structure  areas  and  oxide  thicknesses.  In  any  case,  the  electron  trap 
density  is  so  high  that  the  final  runaway  can  be  reasonably  attributed  to  ressonant 
tunneling  as  proposed  by  Ricco  et.  al.  /8/. 


SAMPLE 

t 

ox 

<  A  ) 

Area 

-  ~  P 
<10  cm  ) 

J 

°  2 
(A/ cm  ) 

Tv 

(sec) 

A/4 

(10  eV  l) 

tnn 

(  sec  ) 

SI 

63 

2.3 

0.435 

385 

6.6 

23 

5.82 

S2 

100 

6.4 

1 

303 

2.3 

21 

.. 

4.31 

S3 

103 

58 

0.01 

40400 

1.7 

4500 

5.86 

S4 

94 

2.3 

0.435 

266 

6.0 

47 

9.5 

Table  I  -  Degradation  and  breakdown  parameters  for  four  MOS  structures  subjected  to 
constant  current  stress. 


In  figure  1  we  have  plotted  the  predicted  time-to-breakdown  as  a  function  of  the  applied 
current.  To  calculate  t  as  ^  function  of  we  have  assumed  a  unique  value  of  N^d  for 
all  the  samples,  N  =  615  10  cm  ,  which  is  approximately  the  average  of  the  particular 
results  shown  in  table  I.  The  times-to-breakdown  as  a  function  of  J  have  been  calculated 
by  using  equation  (5).  As  seen  in  figure  1,  the  validity  of  expression  (5)  is  confirmed  by 
the  experimental  results.  In  addition  to  the  data  that  correspond  to  samples  S1-S4  whose 
/3 /A  values  have  been  obtained  from  their  respective  V(t)  characteristics,  in  figure  1  we 
have  plotted  the  experimental  data  corresponding  to  two  other  samples  (S5  and  S6)  of 
similar  thickness.  The  theoretical  predictions  for  these  samples  have  not  been  done 
because  we  do  not  have  their  V(t)  characteristics  and  hence  we  can  not  calculate  their 
corresponding  fi  /&  values. 

In  the  literature  is  has  been  experimentally  shown  that  the  dependence  of  log(t  . )  on 
log(J  )  is  quite  well  described  by  a  straight  line  with  slope  (dlog(t..)/dlog(J  n=-l-s 
with  s>0  /l, 6, 10, 11/.  This  behaviour  can  be  also  observed  in  figure  1.  Although  equation 
(5)  does  not  predict  a  linear  dependence  between  log(t..)  and  log(J  ),  it  can  be 
demonstrated  that  dlog( tbd>/dlog( Jq)  is  constant  with  only  5%  of  error,  wRen  the  current 
density  varies  over  three  orders  of  magnitude.  For  the  case  of  the  analyzed  samples, 
equation  (5)  predicts  that  the  above  mentioned  slope  is  approximately  -1.06.  The 
experimental  values  of  s  are  slightly  higher  but  always  positive  as  predicted  by  equation 

(5).  Note  that  s=0  is  equivalent  to  Q,  .^constant  whereas  s>  0  means  that  Q.  .  decreases 

bd  bd 
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with  the  applied  current. 


LOG  (Jo)  (A/cw2) 


Fig  1  -  Experimental  and  theoretical  mean  time-to-breakdown  (t  )  versus  applied  current 
density  (Jo)  in  constant  current  breakdown  tests. 

As  a  conclusion,  the  presented  model  is  able  to  explain  the  time-to-breakdown  dependence 
on  the  applied  current.  From  the  experimental  evolution  of  the  degradation,  we  have  been 
able  to  predict  the  quasi-1  inear  relationship  between  log(t^)  and  log(J  )  providing  a 
good  fit  of  the  experimental  breakdown  data  for  more  than  three  decacfes  of  applied 
current . 
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THE  IMPACT  OF  DIFFERENT  HOT-CARRIER-DEGRADATION  COMPONENTS  ON  THE 
OPTIMIZATION  OF  SUBMICRON  n-CHANNEL  LDD  TRANSISTORS 


P.T.J.  BIERMANS,  T.  POORTER  and  H.J.H.  MERKS-EPPINGBROEK 

Philips  Research  Laboratories .  PO  Box  80.000,  NL-S600  JR  Eindhoven, 
The  Netherlands 

Resume 

Mesurer  Aid,/ Id,  durant  uniquement  une  courte  periode  de  temps  en  vue  de  caracteriser  la  degradation 
due  aux  porteurs  chauds,  des  transistors  submicroniques  an  drain  legerement  dope,  peut  mener  a  des 
predictions  erronees  de  la  duree  de  vie  de  ces  transistors.  L ’evaluation  des  composants  de  degradation 
AR,,-A/3/f3  et  AVj-  est  proposee.  Une  explanation  physique  de  I’orgine  de  ces  composants  est  avancee 
conjointement  avec  leur  dependence  de  la  dose  n-  de  la  region  du  drain  legerement  dope. 


Abstract 

Measuring  Aid,/ Id,  for  only  a  short  time  period  to  characterize  the  hot-carrier  degradation  of  submicron 
LDD  transistors  can  lead  to  erroneous  predictions  of  the  transistor  lifetime.  Evaluation  of  the  degra¬ 
dation  components  AR,,-Af3/f),  and  AVr  is  proposed.  A  physical  explanation  for  the  origin  of  these 
components  is  provided  together  with  their  dependence  on  the  n~  dose  of  the  LDD  region. 

1  Introduction 

Hot-carrier  degradation  of  submicron  n-channel  Lightly  Doped  Drain  (LDD)  transistors  is  often  characterized 
as  a  relative  decrease  of  the  drain  current,  i.e.  A  Id,/ Id,  [  l]  -  The  slope  of  -  Aid,/  Id,  versus  time  on  a  double- 
logarithmic  scale  shows  a  saturation  behaviour.  Since  this  slope  is  much  smaller  than  for  conventional  devices  a 
very  long  lifetime  for  LDD  transistors  is  predicted.  If,  however,  the  electrical  stress  is  continued  an  increase  in 
the  slope  of  -A Id, /Id,  as  a  function  of  time  is  observed.  This  is  shown  in  fig.  1:  after  a  stress  time  of  2  x  10's 
the  slope  increases  and  after  2  x  10 3s  a  second  increase  in  the  slope  is  observed. 


Figure  1:  Relative  current  decrease  -Aid,/ Id,  *a  a  function  of  time  after  stressing  at  Vj,  =  9.0V  and  Vt,  =  4.0V, 
.T.casi'ved  at  Vd,  =  0.1V  and  Vt,  =  1.5V.  The  n~  dose  is  2  x  10,s/cm2. 

In  this  paper  the  different  components  of  the  hot-carrier  degradation  occurring  in  the  n-channel  LDD  transistors 
are  analysed.  A  new  method  to  characterise  these  components  is  described.  Furthermore,  the  relative  importance 
of  these  degradation  components  is  investigated:  experimental  and  device-simulation  results  are  shown  for  LDD 
transistors  with  different  n"  doses.  Finally,  a  general  guideline  for  the  optimisation  of  LDD  transistors  is  given 
based  on  the  obtained  insight. 

2  The  degradation  components 

The  n-channel  MOS  transistors  used  in  the  experiments  have  an  effective  channel  length  L,//  =  0.6pm  and  a 
gate-oxide  thickness  xM  -=  17.5 r»m.  The  spacer  width  is  0.2pm  and  the  phosphorous  n_  dose  is  varied  from 
1  x  10,,/cm*  to  9  x  101*/cm*. 
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In  fig.  2  the  linear  characteristic  of  an  LDD  transistor  with  an  n~  dose  of  2  x  10IS/emJ  is  shown  before  the 
stress  (1)  and  after  a  number  of  stress  intervals  (2-5). 


h,(nA)  logId,(logA) 
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AR,(n)  -A  0/0(%) 
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-1 
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Figure  2:  u.  -  V„  characteristics  measured  at  10  10-i  l0a  10i  10j  10j  0«  [05  |06 


Vi,  =  O.lK  before  the  stress  (I)  and  after  differ¬ 
ent  stress  times  (2  :  100s;  3  :  1000s;  4  :  10000s;  Figure  3'.  Af?,(2),  -A0/0(S)  and  AVr(4)  as  a 

5  :  20000s  )  at  Vd,  -  9. OK  and  V},  =  4.0K.  The  function  of  time  during  a  stress  at  Vd,  =  9.0K 

n~  dose  is  2  x  1013/cm2.  and  V},  =  4.0K.  The  n~  dose  is  2  x  10 13 /cm3. 


Initially,  the  curvature  of  the  characteristic  increases  significantly  indicating  a  large  series-resistance  increase. 
Next,  the  slope  of  the  curve  decreases  caused  by  a  reduction  in  the  transconductance.  For  longer  stress  times  a 
small  threshold-voltage  shift  starts  to  develop.  This  indicates  that  the  degradation  of  the  Id,  -  curve  can  be 
described  by  the  superposition  of  three  effects,  namely  a  series-resistance  modification  A R,,  a  relative  change  of 
the  transconductance  A  /3/P  and  a  threshold-voltage  shift  AV-p.  This  is  based  on  the  fact  that  for  low  Vd,  values 
the  drain  current  Id,  can  be  approximated  by: 


Id. 


=  0 


{V,.  ~  Vt) 

1  +  0R.(V„-VT) 


Vd. 


(1) 


The  change  of  the  inversion-layer  mobility  due  to  stressing  is  incorporated  in  a  change  of  0.  From  this  expression 
the  relative  change  of  the  drain  current,  i.e.  A ld,/Id,,  is  calculated  as  a  function  of  A R,,  A f)/f)  and  AK7-: 

Vt  ~  W.  -  VT)A R, 


A/*, 

Id, 


M  _ 
P 


AKt 


1  +  0R,(V„  -  VT) 


(2) 


In  our  method  for  characterizing  hot-carrier  stress  the  components  A R,,  A/9//?  and  AVp  are  measured  after  each 
stress  interval.  In  fig.  3  AH,, -A/?//?,  and  AVp  are  plotted  as  a  function  of  time  for  the  same  set  of  curves  as  in 
figs.  1  and  2. 

From  fig.  3  the  change  in  R,  is  already  obvious  after  a  stress  of  0.1s.  R,  increases  proportionally  with 
time,  however,  at  a  very  small  rate.  Initially  -A/9//9  is  quite  significant  and  increases  also  proportionally  with 
time.  The  threshold-voltage  shift  develops  much  later  and  increases  proportionally  with  time,  similar  to  the 
degradation  behaviour  of  conventional  devices  (2|.  For  small  stress  times  a  negative  threshold-voltage  shift  is 
obtained.  This  is  an  artefact  of  the  parameter-determination  method:  no  initial  threshold-voltage  shift  is  observed 
in  the  subthreshold  curves.  The  proportionallity  constant  is  much  higher  for  this  AVp  component  than  for  -  A/9//9 
indicating  that  AVp  eventually  becomes  the  dominating  degradation  component. 


3  The  relative  importance  of  the  degradation  components  versus  the  n 
LDD  dose 

The  relative  importance  of  the  different  degradation  components  depends  on  the  actual  construction  of  the  LDD 
transistor.  The  n~  dose  is  one  of  the  key  parameters  in  the  design  of  reliable  LDD  transistors  |3j.  Fig.  4  shows 
measured  results  of  the  degradation  components  for  an  n~  dose  of  4  x  10 13 /cm}  and  8  x  XO^/cm*. 

The  series-resistance  increase  is  more  significant  for  lower  n~  doses.  The  explanation  for  this  behaviour  lies 
in  the  exact  position  of  the  lateral  peak  electric  field  with  respect  to  the  gate  edge  [4].  In  fig.  5  simulation  results 
obtained  with  CURRY  (6]  are  shown  for  the  electron-hole- pair  generation  rate  due  to  impact  ionization  using  tKe 
impart-ionizatiou  rates  given  in  (6]  for  an  n~  dose  of  2  x  10ls/cm:  and  4  x  lO^/cm*. 

Reduction  of  the  n~  dose  leads  to  a  shift  of  the  peak  electric  field  towards  the  spacer,  resulting  in  a  higher 
generation  rate  under  the  spacer.  This  indicates  that  the  effective  electron  temperature  is  higher  leading  to 
a  higher  injection  rate  of  electrons  in  the  spacer  oxide.  These  electrons  are  trapped,  causing  an  increase  in 
the  series  resistance  R,  after  very  short  stress  times.  For  higher  n~  doses  the  field  under  the  spacer  is  lower 
causing  less  injection  of  electrons.  Furthermore,  it  is  more  difficult  to  deplete  the  n~  region  because  of  its  higher 
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Figure  4:  Afl,(2),  A/J//?(5)  and  AVr(4)  as  a  function  of  time  during  a  stress  at  Vd,  =  9.0V  and  Va,  =  4.0V  for 
(a)  an  n~  dose  of  4  x  1013/cm2  and  (b)  8  x  10l3/cmJ. 


Figure  5:  Generation  rate  of  electron-hole  pairs 
G  as  a  function  of  the  position  x  for  an  n~ 
dose  of  2  x  10l3/cm2  (□)  and  4  x  1013/cm2  (o). 
Vit  =  9.0V  and  V„  =  4.0V. 


Figure  6:  Generation  rate  of  electron-hole  pairs 
G  as  a  function  of  the  position  x  for  an  n~ 
dose  of  2  x  10,3/cm2.  Vd,  =  9.0V  and 
Vf,  =  4.0V. (□):  no  oxide  charge,  (o):  nega¬ 
tive  oxide  charge. 

The  extension  of  the  charge  layer  is  indicated  by 
the  arrow. 


concentration.  This  series-resistance  increase  is  a  self-limiting  process:  the  negative  charge  trapped  in  the  spacer 
reduces  the  injection  rate  by  separating  the  current  path  from  the  peak  electric  field  region.  This  is  indicated  in 
fig.  6  where  the  generation  rate  of  electron-hole  pairs  due  to  impact  ionization  at  the  Si  -  Si'Oj  interface  of  the 
transistor  is  plotted  as  a  function  of  the  position  with  and  without  negative  charge  in  the  oxide  for  an  n~  dose  of 
2  x  1013/cm2.  A  significant  reduction  of  the  generation  rate  under  the  spacer  is  observed. 

Another  observation  which  can  be  made  is  that  the  relative  transconductance  reduction  -A0/P  is  higher  for 
lower  n'  doses.  One  of  the  reasons  is  that  the  lateral  electric  field  at  the  surface  of  the  transistor  above  the  drain 


junction  is  higher,  leading  to  more  injection  of  hot  electrons  in  the  gate  oxide  (fig.  5).  This,  together  witlra  lower 
dope  concentration  in  the  high  electric  field  region,  results  in  a  larger  effective  channel  length  after  stressing. 

The  threshold-voltage  shift.  AVf  is  more  severe  for  higher  n~  doses.  This  is  caused  by  the  higher  electron 
temperature  in  the  channel  region  near  the  drain  junction,  as  indicated  by  fig.  5.  The  injection  of  hot  carriers  in 
the  gate  oxide  also  causes  the  inversion-layer  mobility  to  decrease  due  to  the  creation  of  interface  states  and  fixed 
oxide  charge  at  the  interface  above  the  channel  [7|.  As  a  result  the  transconductance  decreases  with  increasing 
stress  time,  however  at  a  lower  rate  than  the  threshold-voltage  increase. 

The  behaviour  of  the  substrate  current  /,»  as  a  function  of  the  stress  time  can  also  be  explained  with  these 
degradation  components.  In  fig.  7  the  measured  substrate  current  is  plotted  for  different  stress  times. 

Initially,  l,h  decreases  due  to  the  series-resistance  increase  and  the  accompanying  decrease  of  the  generation 
rate  of  electron-hole  pairs.  Next,  an  incease  takes  place  due  to  an  increase  of  the  peak  electric  field:  the  negative 
charge  present  in  the  gate  oxide  above  the  n~  region  causes  a  higher  voltage  drop  across  the  drain-channel 
depletion  layer.  When  the  threshold-voltage  shift  becomes  significant  the  peak  in  /,*  will  shift  to  higher  V',. 
values.  Eventually,  /,»  will  decrease  due  to  the  decrease  in  Idl. 

In  fig.  8  the  simulated  substrate  current  is  plotted  for  different  charge  distributions,  corresponding  to  different 
stress  times.  The  qualitative  agreement  between  measured  and  simulated  curves  is  clearly  observed. 
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Figure  7:  Measured  /,4  as  a  function  of  V},  be¬ 
fore  the  stress  (1)  and  after  different  stress  times 
(2  :  100s;  3  :  1000s;  4  :  10000s;  5  :  20000s)  at 
Vj,  =  9.0V  and  V(,  =  4.0V.  The  n~  dose  is 
2  x  10l3/cmJ. 


Figure  8:  Simulated  /,4  as  a  function  of  V,,  for 
different  charge  distributions:  1:  no  charge;  2: 
spacer  oxide  charge;  3:  gate  and  spacer  oxide 
charge,  The  n~  dose  is  2  x  10is/cm2. 


4  Optimization 

From  the  abovementioned  results  it  is  clear  that  the  optimum  n~  dose  depends  on  the  applied  lifetime  criterion. 
Since  the  A l*,/ It,  versus  time  characteristic  does  not  have  a  single  slope,  A R,,  -Aft/ ft,  and  AVy  are  analyzed  as 
a  function  of  the  stress  time.  The  optimum  n~  dose  is  obtained  in  this  case  when  all  three  degradation  components 
reach  the  maximum  acceptable  change  after  approximately  the  same  stress  time.  For  an  n~  dose  of  4  x  10ls/cm2 
this  situation  is  almost  met  assuming  that  a  10%  modification  of  the  parameters  Vr,  ft  and  R,  determines  the 
lifetime  of  the  transistor.  Since  VT  of  the  analyzed  transistors  is  approximately  IV  and  R,  1000,  this  implies  that 
a  AVr  of  lOOmV  and  a  AR,  of  100  are  acceptable  values. 

However,  the  maximum  allowed  change  in  the  parameters  Vy,  ft  and  R,  influences  the  optimum  n~  dose.  For 
example,  for  a  1%  modification  of  the  parameters  the  increase  in  R,  will  limit  the  transistor  lifetime  for  almost 
any  value  of  the  n"  dose.  In  this  case  an  n~  dose  of  8  x  1 0li/cm2  is  necessary.  For  most  circuit  applications 
however  this  lifetime  criterion  is  far  too  stringent.  Even  a  10%  current  reduction  will  in  practice  not  be  noticeable 
in  a  circuit  since  the  processing  spread  has  to  be  taken  into  account  in  the  design  of  a  circuit.  This  means  that 
AVy  and  -Aft/ ft  are  the  limiting  degradation  mechanisms  if  the  initial  AH,  has  been  adjusted  to  a  sufficiently 
low  level. 

6  Conclusions 

Evaluation  of  the  degradation  components  AR,,  -Aft/ ft  and  AVy  leads  to  a  better  insight  in  the  degradation  be¬ 
haviour  of  LDD  transistors.  Moreover,  these  components  characterize  the  hot-carrier  degradation  unambiguously. 
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Abstract  -  The  new  technique  for  determining  the  probability  Df 
hot-electron  travel  through  the  gate  oxide  is  presented.  The  technique 
is  based  on  the  Monte  Carlo  method  and  is  used  in  MOSFET  gate  current 
modelling.  The  calculated  values  of  gate  current  are  compared  with 
experimental  results  from  direct  measurements  on  MOSFET  test  chips. 


1  -  INTRODUCTION 


Injection  of  hot  electrons  from  MOSFET  channel  into  gate  is  an  important  short 
channel  effect  which  causes  time-dependent  degradation  of  transistor 
threshold  voltage  and  channel  conductance  .  The  probability  of  electron 
emission  into  gate  electrode  is  usually  determined  as  a  product  of  three 
probabilities!  1/  probability  that  electron  has  enough  energy  to  surmount 
Si-oxide  barrier,  2/  probability  of  free  travel  from  depth  of  semiconductor  to 
interface  and  3/  probability  of  free  travel  through  the  oxide.  Previous  gate 
current  models  /l/,/2/  have  used  the  probability  of  electron  travel  through 

the  oxide  in  exponential  form  with  argument  x  /A  ,  where  x  is  a  distance  of 

o  ox  o 

the  maximum  of  potential  barrier  from  Si-oxide  interface  for  positive  oxide 
field  and  xois  equal  to  oxide  thickness  for  negative  oxide  electric  field. 

is  mean-free-path  of  electrons  in  the  oxide.  Another  model  /3/  supposes 
injection  into  the  gate  only  for  positive  oxide  field.  Present  model  uses  the 
Monte  Carlo  method  for  describing  the  collisions  of  electrons  in  oxide  and 
determines  more  precisely  the  probability  of  electron  travel  through  the  oxide 
in  dependence  on  the  oxide  electric  field. 

2  -  IHSflBEUfiflL  HQPEL 


□ur  study  concentrates  on  the  electron  path  through  the  gate  oxide.  No 
electron  trapping  in  the  oxide  is  supposed,  if  electron  energy  E  is  greater 
than  bottom  of  oxide  conduction  band  E  in  all  points  of  electron  path.  The 

c 

random  path  of  electron  in  the  oxide  is  started  by  Monte  Carlo  method.  The 
collision  number  probabilities  P  are  determined  in  dependence  on  the  oxide 

T> 

thickness  t  .They  are  calculated  from  10°electron  paths.  But  it  is  sufficient 

ox  , 

to  perform  the  calculation  for  certain  oxide  thickness  only  once.  Next 
simulations  use  those  probabilities  only  as  input  data.  If  the  average  energy 
loss  by  the  collision  AE  is  known,  then  the  probability  of  electron  travel 
through  the  oxide  P  can  be  determined  in  dependence  on  the  oxide  electric 

ox 

field  c  i 
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where  n  is  a  maximum  of  possible  collisions  without  trapping  of  electron  in 
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the  gate  oxide  i 

n  is  )  =  int<  q  e  t  /AE  )  (2) 

O  ox  ox  ox 

The  algorithm  checks  condition  E  >  E  in  all  points  after  collisions.  The 

c 

probabilities  calculated  for  different  ratios  t  /K  are  shown  in  Fig-  1. 

ox  ox 


Fig.  1  Probability  P  of  n  collisions  in  oxide  and  dependence  P  on  c  for 

"  ox  ox 

t  /X  equal  to  S,  10,  IS,  20,  and  25. 

ox  ox 


We  have  used  this  technique  in  connection  with  the  originally  one  dimensional 
"lucky  electron  model"  /4/.  This  model  has  been  extended  to  two  dimensions. 
Electric  field,  potential  and  electron  concentrtion  in  modelled  transistors 
have  been  obtained  with  the  help  of  MOSFET  2-D  simulator  MINIMOS.  Program 
SUPREM  II  has  been  used  for  the  calculation  of  impurity  profiles  in  source, 
drain  and  channel  regions. 


3  -  DEVICE  jEHftRACTER I  ST  ?  C5 


Direct  measurements  of  gate  current  have  been  realised  on  MOSFET  test  chips 
prepared  by  different  technologies.  Minimum  gate  length  is  equal  to  1pm.  So, 
transistors  with  submicrometer  effective  channel  length  have  been  measured.  We 
have  chosen  four  types  of  transistors.  All  are  based  on  standard  NMOS 
technology  and  differs  only  in  the  preparing  of  source  and  drain  regions.  All 
types  are  described  in  tab.l. 


Tab.  1  -  Technologies  of  measured  transistors 


technology 

snr«gy 

dose 

diffusi on 

Leff 

As  drain 

110  keV 

5. 101@cm-* 

20 *  i  n  0a  20 '  i  n  Na 

0. 25pm 

P  drain 

110  keV 

7. 10‘*cm"* 

20 'in  Qa  20 ’in  Na 

0. SOpm 

DD  drain  (P) 

(As) 

110  keV 
110  keV 

1. 1014cm"* 
5. 10lffcm'* 

20 'in  0a  40 'in  Na 
after  As  ieplant 

0. 22pm 

DD  drain 

separate  drive  in 

110  keV 
110  keV 

1. 1014c*‘* 
5. 10**cm"* 

20 'in  0a  40 'in  Na 
after  P  implant 

0.26pm 

+  # 


DD  drain  )ua  pate  length 


DD  drain  lua  gate  length 
separate  drive  in 
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Fig.  3  M«*«ur«d  characteristics  of  gats  currant  vs.  gats  voltage 
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Effective  channel  lengths  have  been  determined  from  I-V  characteristics  of 
transistors  with  different  gate  lengths.  In  tab.  1  is  presented  L#ff  of 

transistors  with  ljum  gate  lenth.  Only  in  P  drain  technology  there  is  the 
smallest  working  transistor  with  3pm  gate.  Oxide  thickness  is  equal  to  44  nm. 

4  -  RESULTS  AND  DISCUSSION 

We  have  performed  the  gate  curent  modelling  for  all  transistors  with  minimum 

gate  lentgs.  The  average  energy  loss  AE  by  the  collision  in  the  oxide  is 

determined  from  dependence  of  electron  velocity  on  oxide  electric  field 

published  in  /S/.  If  X  =  3.2nm  is  assumed  then  AE  is  equal  to  O.OSeV.  The 

ox 

mean-f ree-paths  of  electrons  in  silicon  were  taken  from  /l/  (X  =  9.2nm, 

X  =  fcl . 6nm) .  In  Fig.  2  comparission  of  model  with  experimental  results  is 
p 

presented.  Modelling  and  measurements  have  been  realised  for  gate  voltage 
equal  to  drain-source  bias.  The  substrate  bias  have  been  chosen  equal  to-2V. 
The  solid  lines  represents  the  modeled  gate  currents.  Measured  values  are 
signed  with  points.  Measurements  have  been  realised  for  constant  drain  voltage 
as  well.  These  characteri sties  are  showm  for  all  types  of  transistors  in 
Fig.  3.  To  determine  time-dependet  degradation  in  correlation  with  gate 
current  the  dependece  of  transistor  threshold  voltage  on  the  stress  time  has 

been  measured.  An  example  with  stress  conditions  V  =  3.5V,  V  *  7V  is  in  Fig. 4. 

*  * 

Degradation  of  transisto  with  As  drain  is  almost  three  times  faster. 


fls  drain  ]u*  Qite  length 


DD  drain  lue  gate  length 
separate  drive  in 


Fig. 


4 


Threshold  voltage  of  As  drain 
dependence  on  the  stress  time. 


and  DD  sep . 


drain  transistors  in 


Neither  fitting  parameter  is  used  in  present  model.  Correlation  with 
experiments  is  qualitatively  good  and  gives  the  possibility  to  disscuse  the 
applicability  of  different  modifications  of  unipolar  IC  technologies  for 
minimizing  hot-electron  induced  aging.  DD  drain  structure  with  "separate  drive 
in"  have  good  quality  from  this  point  of  view.  Our  MMC  based  "oxide  travel" 
model  is  applicable  to  different  2-D  gate  current  simulators.  In  connection 
with  more  precise  emission  model  than  "lucky  electron  model"  will  give 
better  results. 
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R6sum6-La  lumi^re  g6ner6  A  l'interieur  d'un  composant  de  silicium  donne 
A  la  mfeme  fois  des  informations  sur  le  f onctionnement  du  composant 
ainsi  que  sur  les  materiaux  utilise.  On  a  install^  un  syst&ne 
d ' enregistrement  photographique  am61ior6  avec  une  sensibility  spectrale 
du  proche  UV  A  proche  IR  ( 300-1200nm)  qui  permit  1 ' enregistrement  de 
ph^nomen  d ' yiectroluminescence  diverses,  avec  une  resolution  temporelle 
et  spatiale  trys  haut. 


Abstract-The  light  distribution  generated  by  electroluminescence 
phenomena  inside  silicon  devices  yields  information  on  the  functioning 
of  the  devices  as  well  as  on  the  materials  used.  An  improved  camera 
system  has  been  installed,  with  a  spectral  sensitivity  from  near  UV  to 
near  IR  (300-1200nm)  allowing  the  registration  of  various 
electrolumiscence  phenomena,  with  high  temporal  and  spatial  resolution. 


1- INTRODUCTION 

The  detection  of  the  infrared  radiation  due  to  recombination  of  excess 
carriers  in  silicon  is  a  widely  used  technique  which  originally  has  been 
developed  for  the  characterization  of  power  devices  111 .  This  non¬ 
destructive  measurement  technique  is  unique  as  it  yields  information  about 
the  carrier  distribution  within  the  bulk  of  power  devices  in  the  on  state 
but  also  during  turn  on  and  turn  off.  The  light  intensity  »  is  determined  by 
the  carrier  densities  n,p.  In  a  first  order  approximation  one  usually 
assumes : 

4>=B*n*p. 

In  the  on  state  the  low  doped  base  regions  are  swamped  with  excess  carriers- 
and  due  to  charge  neutrality  the  electron  and  hole  densities  are  equal.  The 
wavelength  of  about  1.14  urn  emitted  from  the  radiative  recombination  of 
electrons  and  holes  corresponds  to  the  bandgap  in  silicon. 

It  is  our  intention  to  show  that  this  sensitive  method  can  also  be  applied 
to  a  large  number  of  other  semiconductor  devices  and  materials.  Beside  the 
radiative  recombination  of  excess  carriers  in  silicon  there  are  other 
electroluminescence  phenomena  in  the  interesting  spectral  range  caused  by 
hot  electrons,  for  example  the  Drain  Avalanche  in  MOS-FET's  111 ,  avalanche- 
breakdown  in  blocking  pn- junctions  and  oxide  currents  131 .  The  hot  electrons 
are  caused  by  high  electric  fields  and  have  energies  of  a  few  eV  above  tfje 
conduction  band  minimum.  When  they  return  radiatively  to  their  ground  state 
they  emit  light  with  the  corresponding  wavelengths  which  can  extend  to  the 
visible  range. 


2 -EXPERIMENTAL 

We  have  installed  a  new  system  with  improved  features  which  allows  the 
detection  of  the  radiation  with  spatial  and  temporal  resolution.  The  core  of 
this  system  is  a  high-speed,  highly  sensitive  shutter  camera  / 4 /  with  a 
selected  Sl-cathode  as  image  converter,  a  microchannel  plate  (MCP)  and  a 
silicon  intensified  target  (SIT)-Vidicon  to  attain  high  gain,  and  a  digital 
video  frame  memory  for  the  quantitative  evaluation  of  the  measured  intensity 
distribution.  (Fig.  1). 


C4-798 


JOURNAL  DE  PHYSIQUE 


c©rtwert#r 
♦  intensity 

ennencement  SIT  »^MCON 


Fig.  1:  Infrared  highspeed  camera  system 

The  spatial  resolution  is  determined  by  the  optics  used,  the  wavelength  of 
the  emission,  the  focus  depth  and  the  device  geometry.  The  temporal  resolu¬ 
tion  is  obtained  by  the  application  of  short  voltage  pulses  to  the  MCP.  The 
MCP  works  like  a  shutter  with  a  system  dependent  minimum  time  window  of 
100ns . 

The  equipment  is  controlled  by  a  host  computer  which  has  been  programmed  to 
permit  noise  reduction  and  background  subtraction.  Very  low  light  levels  can 
be  detected  by  a  stroboscopic  mode  operation  provided  the  device  under  test 
can  be  driven  in  a  repetitive  manner.  The  range  of  physical  dimensions  for 
devices  to  be  tested  extends  from  a  few  microns  to  a  few  centimeters  in 
diameter.  Ideally  the  samples  should  be  transparent  to  the  radiation 
generated.  Generally  however  some  metallization  is  required  to  drive  the 
device.  In  this  case  one  can  detect  the  straylight  beneath  the  metallization 
or  one  can  etch  a  pattern  of  small  holes  which  does  not  disturb  the 
electrical  behaviour  and  which  allows  light  penetration.  In  order  to  obtain 
spatial  resolution  in  axial  direction  of  vertical  structures  one  often  needs 
special  preparation  techniques,  like  cutting  and  polishing  slices  of  the 
device  preserving  the  relevant  optical  and  electrical  characteristics. 


3-EXAMPLES 


The  method  will  be  emphasized  in  the  following  examples: 

-  Analysis  of  the  quality  and  electrical  homogeneity  of  Si  solar  cells.  They 
are  driven  as  diodes  in  forward  bias  in  order  to  swamp  the  active  regions 
with  carriers.  Beneath  the  contacting  metal  stripes  one  can  recognize  the 
single  cristallites  and  the  active  area  of  the  solar  cells  (Fig.  2) 

-  Observation  of  the  plasma  spreading  during  turn-  on  of  thyristors  ,  GTO's 
and  other  laterally  extended  devices,  which  is  crucial  for  the  switching 
behaviour . 

-  Detection  of  local  latch-up  in  C-MOS  devices.  Latch-up  is  correlated  with 
a  thyristor-like  structure,  so  the  photon  emission  mechanisme  and  the 
detectibility  is  the  same,  although  it  is  only  a  local  phenomena. 

-  Visualization  of  oxide  currents:  After  tunneling  through  an  oxide  barrier 
between  two  silicon  layers  the  carriers  recombine  from  the  upper  band  of  the 
oxide  to  the  conduction  or  valence  band  of  silicon  emitting  faint  light  in 
the  visible  range.  Localized  oxide  defects  can  be  seen  very  well. 

-  Localization  of  current  distribution  in  power  semiconductor  modules  to 
recognize  possible  inhomogeneties  due  to  thermal  or  contact  problems  during 
turn-on  or  in  the  on-state. 

-  Drain  avalanche  in  Si-MOSFETs,  which  appears  in  the  pinch  off  region  when 
Uos>Ua««  and  the  carriers  are  accelerated  by  a  high  electric  field  (Fig.  3). 
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Fig.  2:  Multi  crystalline  solar  cell.  Left:  Top  view 

Right:  Radiation  distribution  indicating  enhanced  carrier  density  along 
specific  grains  (the  solar  cell  was  operated  in  a  forward  biased  diode 
mode).  The  black  stripes  are  the  contact  pads. 


Fig.  3:  MOS-FET  testpattern.  Left:  Top  view 
Right:  Light  emission  due  to  drain  avalanche. 

-  The  measurement  of  the  axial  carrier  distribution  n,p  in  PIN-diodes  which 
delivers  data  on  the  diffusion  length  L 

n=C*cosh(x/L) 

and  so  on  the  carrier  lifetime  t 
t=Da/L. 

The  decrease  of  the  carrier  density  at  the  edges  of  the  device  is  an 
indication  for  the  surface  recombination  velocity.  Theoretically  expected 
and  simulated  carrier  respectively  light  distributions  can  be  fitted  to  the 
experimental  data  using  the  appropriate  parameters  recursively  (Fig.  4). 

-  Dynamical  avalanche  injection  in  Si-devices  / 5 / :  Of  particular  interest  is 
the  first  observation  of  current  squeezing  and  a  subsequent  generation  of 
current  filaments  during  critical  turn-off  of  a  MOS-GTO  /6/.  These  filaments 
are  caused  by  dynamic  avalanche  due  to  the  high  electric  field  and  the  high 
carrier  density  at  the  blocking  junction  during  turn-off  of  the  device.  The 
generation  of  such  filaments  is  localized  at  critical  points  correlated  with 
the  design  of  the  device,  but  once  created  they  can  can  move  in  lateral 
direction  across  the  device. 
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Fig.  4:  Radiation  profile  from  a  PIN-diode. 
left:  measured  right:  simulated 

4-CONCLUSIONS 

The  method  of  time-  and  space-resolved  observation  of  the  IR 
electroluminescence  is  not  only  a  useful  tool  for  the  analysis  of  large  area 
power-devices  but  also  for  a  variety  of  other  devices .  The  unique 
specification  of  our  system  is  an  improved  sensitivity  due  to  computer  aided 
signal  management.  This  makes  accurate  quantitative  evaluation  possible  and 
thus  allows  for  comparison  of  the  results  with  theoretical  curves  or  with 
the  simulated  device  behaviour. 


This  work  has  been  supported  by  the  Federal  Departement  of  Research  and 
Technology  of  the  Federal  Republic  of  Germany.  The  author  alone  is 
responsible  for  the  contents. 
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JJESUHE 

La  microscopie  acoustique,  une  technique  non  destructive  d 'investigation  des  circuits 
microelectroniques  est  presentee  dans  cet  article.  Des  applications  specif iques  ont  ete 
effectuees  sur  des  structures  typiquement  rencontrees  dans  la  plupart  des  circuits  a 
semiconducteurs. 

ABSTRACT 

The  scanning  acoustic  microscope,  a  technique  suited  to  non-destructive  investigations 
of  microelectronic  devices  is  presented  in  this  paper.  Specific  applications  are  carried  out 
on  structures  typically  encountered  in  most  of  semiconductor  components. 


INTRODUCTION 


The  reliability  of  electronic  systems  is  strongly  affected  by  the  quality  of  the 
components  used.  These  components  increase  in  complexity  and  in  order  to  ensure  their 
performance,  a  steady  improvement  of  methods  for  detecting,  locating  and  characterizing 
flaws  is  required.  The  scanning  acoustic  microscope  (SAM)  is  a  high  resolution  system  and 
one  of  the  most  potential  methods  of  defects  investigations.  It  has  proved  to  be  a  non 
destructive  technique  of  evaluation  suited  to  the  characterization  of  material  surfaces  and 
to  the  inspection  of  the  internal  structures  of  optically  opaque  devices  /I  -2/.  This  paper 
outlines  the  principles  of  the  SAM.  Then,  it  presents  through  typical  examples,  the  progress 
achieved  by  this  technique  for  the  detection  of  subsurface  defects,  located  especially  in 
bonding  interfaces  of  semiconductor  devices.  Quantitative  studies  at  high  frequency  of 
layered  structures  encountered  in  integrated  circuits  will  be  discussed. 

PRINCIPLES  AND  APPLICATIONS  OF  THE  TECHNIQUE 

The  physical  phenomenon  underlying  the  SAM  is  the  interaction  of  an  ultrasonic  wave 
with  the  mechanical  properties  (density,  velocity,  viscosity)  of  the  sample  to  be  examined. 
This  acoustic  wave  is  generated  by  a  piezoelectric  transducer,  typically  ZnO  or  LiNb03  which 
transforms  a  high  frequency  electrical  signal  into  an  ultrasound  wave  propagating  at  the 
same  frequency.  By  means  of  a  spherical  sapphire  lens  a  converging  acoustic  beam  wave  is 
focused  on  the  sample  surface.  A  coupling  fluid  is  necessary  for  transmitting  the  acoustic 
signal  from  the  lens  to  the  sample.  Water  is  commonly  used,  but  the  instrument  performances 
are  increased  when  liquid  metals  such  as  mercury  are  employed  (this  will  be  discussed 
below).  In  the  reflection  mode  which  covers  a  wide  range  of  applications,  the  SAM  operates 
with  a  single  lens  for  transmitting  and  receiving  the  acoustic  signal.  The  image  is  obtained 
by  moving  the  focused  beam  on  the  sample.  This  is  carried  out  by  scanning  the  sample  in  two 
perpendicular  directions  relative  to  the  lens.  Focusing  is  obtained  by  displacing  the  lens 
towards  the  object.  The  resolution  is  determined  by  the  focal  spot  size  and  is  limited  by 
the  diffraction  to  about  one  wavelength.  In  the  high  frequency  range  (  above  1  GHz  ),  this 
resolution  is  comparable  to  that  achieved  by  optical  microscopes. 

The  main  reasons  that  make  the  SAM  a  powerful  technique  employed  where  others  are 
impractical  or  provide  insufficient  results  are  :  first,  acoustic  waves  are  sensitive  to  the 
elastic  properties  of  materials;  second,  they  appear  in  different  forms,  i.e.,  longitudinal, 
transverse  and  surface  modes.  This  latter  particularity  allows  two  possibilities  of  imaging 
by  the  instrument  which  are  applied  to  subsurface  testing  and  surface  or  near  surface 
imaging  and  characterization. 

1  -  Subsurface  testing 

One  of  the  most  promising  .applications  of  the  SAM  is  to  probe  deeply  into  materials. 
This  ability  arises  from  the  fact  that  there  is  practically  no  attenuation  of  the  acoustic 
energy  in  most  solids.  Moreover,  the  large  change  in  sound  velocity  occuring  at  the  couplant 
liquid-sample  interface  leads  the  acoustic  waves  to  be  refracted  inside  the  sample,  obeying 
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the  same  laws  of  refraction  as  in  optics.  Penetrating  into  material,  the  bulk  waves  (longi¬ 
tudinal  and  transverse)  are  reflected  where  they  encounter  discontinuities  in  the  elastic 
properties,  i.e,  where  acoustic  impedance  (  density  x  sound  velocity  )  changes.  Thus,  they 
give  information  on  the  internal  features  of  the  material  and  detect  defects  and  inhomoge¬ 
neities  at  several  hundreds  of  microns  below  the  surface.  Due  to  the  acoustic  wave  attenua¬ 
tion  occuring  mostly  in  the  coupling  fluid,  for  deep  investigations  the  SAM  employs  low 
frequencies  ranging  from  100  to  500  MHz  and  giving  within  a  specimen  a  resolution  between 
respectively  50  and  10  microns,  depending  on  the  nature  of  the  sample. 

In  the  microelectronic  field,  among  numerous  applications  for  testing,  the  SAM  has  been  used 
to  control  non-destructively  integrated  circuits  throughout  the  thickness  of  their  sub¬ 
strate,  in  order  to  evaluate  for  example,  the  wires  bonding  on  the  circuit  metallization 
pads  /3/.  In  the  same  way,  different  processes  like  welding,  eutectic  bonding,  etc.,  have 
been  distinguished  and  inspected  too.  This  kind  of  application  has  been  carried  out  on 
power  semiconductor  modules.  Indeed,  for  electrical  and  thermal  conductivity,  the  different 
levels  of  these  components  are  made  of  various  materials  and  contain  therefore  different 
bonding  areas.  Many  types  of  assembling  techniques  are  used  and  the  results  obtained  are  of 
a  great  importance  in  the  device  functioning.  The  SAM  has  been  employed  to  check  joints  in 
order  to  evaluate  the  circuit  reliability  and  to  eventually  know  the  cause  of  failures, 
which  may  allow  the  improvement  of  the  assembling  process.  In  addition  to  many  structures 
tested  such  as  Cu/A1203/Cu,  Si/BeO  etc../4/,  other  typical  examples  will  be  discussed  here. 
The  experiments  were  achieved  at  200  MHz  which  seems  to  be  a  good  frequency  for  the  resolu¬ 
tion  of  details  expected.  Mercury  has  been  used  as  a  coupling  fluid  since  it  is  more  ade¬ 
quate  than  water  for  subsurface  imaging.  This  arises  from  the  fact  that  mercury  impedance  is 
similar  to  that  of  most  solids  which,  reduces  the  impedance  discontinuity  at  liquid-sample 
interface  and  improves  the  energy  penetrating  the  sample.  Moreover,  being  four  times  less 
absorbent  than  water,  mercury  allows  one  to  double  the  operating  frequency  and  to  increase 
consequently  the  resolving  power  by  a  factor  of  about  2.  However,  it  can  attack  metals  such 
as  gold,  copper,  silver  etc.,  so,  to  avoid  damages,  a  protective  thin  layer  deposited  on  the 
sample  surface  is  required. 

Figure  1  shows  an  acoustic  image  of  an  epoxy  bond  layer  between  a  silicon  chip  and  its 
copper  heatsink. 
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Fig.(l):  Si/Cu  interface 
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Fig. (2):  Si/Mo  interface 


Fig. (3):  Mo/Cu  interface 

Bonding  interfaces  revealed  by  SAM  at  200  MHz  and  with  mercury  as  coupling  fluid. 
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The  bonding  is  visualized  through  250  microns  thick  copper,  and  the  resolution  is  of  about 
20  microns.  The  image  reveals  inhomogeneities  in  the  epoxy  layer  marked  by  vertical  dark 
traces.  In  addition,  many  voids  of  different  sizes  appear  in  bright  circular  areas.  Since 
they  stop  the  acoustic  waves,  they  are  highly  reflective.  Besides,  the  chip  edges  are  not 
entirely  visible  which  indicates  that  the  epoxy  layer  thickness  is  not  uniform. 

Brazing  is  an  another  example  of  soldering  used  for  materials  assemblies  and  is  succes¬ 
sfully  controlled  by  the  SAM.  Images  on  figures  2  and  3  are  respectively  of  Si/Mo  and  Mo/Cu 
interfaces  and  show  the  type  of  defects  occuring  in  brazed  materials.  The  Si/Mo  assembly  is 
a  part  of  a  power  transistor.  This  type  of  structure  is  usually  encountered  since  molybdenum 
and  silicon  have  nearly  the  same  thermal  expansion  and  elasticity  modulus.  The  image  is 
taken  through  250  microns  thick  Mo  and  reveals  defects  at  the  interface  marked  by  bright 
traces  indicating  that  the  Mo  has  been  laminated.  It  seems  that  disbonds  occur  at  irregula¬ 
rities  caused  by  the  lamination. 

In  figure  3,  we  see  another  type  of  defect  at  the  interface  between  Mo  and  copper 
constituting  the  anode  of  a  thyristor.  The  defects  are  detected  through  the  Mo  with  a 
resolution  of  about  25  microns.  In  addition  to  the  solder  grain  structures,  the  examination 
reveals  dark  regions  denoting  that  bond  is  maintained,  while  bright  areas  show  lack  of 
adhesion.  Using  image  processing,  it  is  possible  to  evaluate  the  defect  areas  rate  and 
therefore  to  estimate  the  device  reliability. 


2  -  Surface  imaging  and  characterization 


The  second  important  application  is  surface  imaging  and  the  determination  of  the 
elastic  properties  of  microstructures  located  at  less  than  one  wavelength  under  the  sample 
surface.  High  resolution  is  therefore  required  and  the  operating  frequency  extends  beyond 
the  GHz  range.  In  that  case,  the  acoustic  signal  arising  from  the  sample  is  the  result  of  an 
interference  effect  between  two  kinds  of  waves  propagated  in  different  directions:  a  bulk 
wave  (longitudinal)  reflected  at  the  normal  direction  and  a  leaky  surface  acoustic  wave 
(mostly  Rayleigh  wave)  which  is  characteristic  of  the  material,  generated  at  the  liquid- 
sample  interface  and  detected  at  a  critical  angle  from  the  surface  (figure  4).  This  phenome¬ 
non  has  no  counterpart  in  electromagnetic  systems  and  is  responsible  for  the  contrast 
variations  occuring  in  the  surface  imaging.  This  variation  of  contrast  is  more  displayed 
when  the  lens-sample  spacing  is  decreased.  Furthermore,  in  the  non-scanning  system,  the 
variation  of  the  reflected  acoustic  signal  recorded  as  a  function  of  the  sample  defocus  is  a 
valuable  method  for  measuring  quantitatively,  on  a  microscopic  scale,  the  acoustic  proper¬ 
ties  of  the  sample,  and  for  explaining  the  cuiiliast  observed  in  surface  images.  Several 
authors  have  studied  this  technique  which  is  called  V(z)  where  V  is  the  voltage  received  on 
the  transducer  connected  to  the  reflectance  function  and  z  the  sample  defocusing  distance. 
V(z)  curves  are  periodic  and  are  treated  as  a  signature  of  the  material  since  they  exhibit 
the  Rayleigh  wave  disturbance  by  the  mechanical  parameters  of  the  surface.  Thus,  by  measu¬ 
ring  the  curve  periodicity  Az,  the  Rayleigh  wave  velocity  can  be  determined,  and  hence,  we 
can  identify  the  material  under  test  and  its  cristallographic  orientation.  For  bulk 
specimens,  the  Rayleigh  velocity  is  frequency  independent  but  when  a  thin  layer  is  deposited 
on  the  material,  the  propagation  velocity  of  the  surface  wave  is  altered  and  becomes  a 
function  of  both  the  frequency  and  the  layer  thickness.  The  V(z)  technique  is  then  of  a 
great  importance  since  it  is  possible  to  characterize  a  thin  deposited  film  and  to  monitor 
point  by  point  with  a  high  lateral  resolution  the  film  thickness  variations.  In  that  manner, 
lack  of  adhesion  of  deposited  layers  and  inhomogeneities  in  localized  regions  can  be 
detected.  Moreover,  damages  caused  by  implanted  areas  and  defect  structures  such  as  cracks, 
voids  etc.,  change  the  Rayleigh  wave  velocity  and  can  be  therefore  observed  /5— 6/ . 

Figure  5  shows  an  acoustic  image  of  an  integrated  circuit  which  contains  various  layers 
made  up  of  different  materials.  The  contrast  appears  with  different  grey  levels  providing 
information  on  the  nature  of  each  region  of  the  circuit.  The  image  is  taken  at  1  GHz  and  the 
resolution  is  around  0.75  microns.  As  we  have  mentioned  above,  in  order  to  understand  the 
contrast  mechanism  and  to  interpret  the  acoustic  images,  characterization  studies  in  rela¬ 
tion  to  V(z)  curves  have  been  performed  for  materials  such  as  silicon  and  aluminium  used  in 
integrated  circuits.  As  an  example,  we  show  in  figure  6  a  V(z)  curve  obtained  for  a 
(lll)Si.  The  experiments  has  been  carried  out  at  600  MHz  with  a  spherical  lens  having  a  half 
opening  angle  of  50°  and  water  as  a  coupling  fluid.  To  increase  the  signal-  to-  noise  ratio, 
the  curves  have  been  recorded  at  52°C  since  high  temperatures  decrease  the  ultrasound 
absorption  in  water.  The  periodicity  Az  which  depends  on  the  frequency  and  the  velocity  in 
water,  is  estimated  to  be  of  24.5  microns.  Upon  using  the  following  equation,  the  Rayleigh 
wave  velocity  Vr  in  (lll)Si  is  determined  with  an  accuracy  of  0.3%  :  Vr  »  4779  m/s. 


Vr 


Vw  /  ( 1 — ( 1  -  Vw/2F  Az)’ 


4 

)  . 


Vw  is  the  velocity  in  water  and  F  is  the  frequency  /7/. 


The  second  curve  in  figure  6  shows  the  V(z)  obtained  for  a  2500  A°thin  layer  of  aluminium 
deposited  on  (lll)Si. 
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Fig .(6) :Acoustic  signature  of  Si  and  Al/Si-600MHz .  Fig. (7) :Acoustic  signature  of  Al-600MHz 

Since  the  layer  thickness  is  much  less  than  the  aluminium  Rayleigh  wavelength  Ar  (which  is 
cf  about  4.9  microns  at  600  MHz),  the  V(z)  curve  remains  similar  to  that  of  the  substrate. 
However,  we  note  that  the  effect  of  the  aluminium  layer  is  to  lower  of  about  4%  the  Rayleigh 
velocity  in  Si.  This  is  shown  by  a  shift  in  the  priodicity:  a z  =  22.55  microns  which  gives 
Vr  =  4590  m/s.  This  variation  will  affect  the  contrast  of  an  acoustic  image.  If  the  alumi¬ 
nium  layer  thickness  increases  and  extends  Ar,  the  Rayleigh  velocity  will  decrease  and 
reach  the  Rayleigh  velocity  in  aluminium.  Figure  7  shows  the  V(z)  recorded  in  the  same 
experimental  conditions  for  a  bulk  aluminium.  The  curve  is  quite  different  since  Vr=2980m/s. 

CONCLUSION 

The  results  presented  here  are  significant.  They  indicate  that  the  SAM  contri¬ 
butions  in  the  microelectronic  field  should  lead  to  the  use  of  this  instrument  in  industrial 
environments  for  the  control  of  components  and  research  into  developing  processes.  However, 
further  work  is  needed  to  visualize  simultaneously,  with  the  highest  resolution,  multiple 
interfaces  of  a  component  and  to  interpret  the  information  provided. 
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Resume  -  Dans  cet  article,  nous  montrons  pour  la  premiere  fois,  qu'jl  eat 
possible  de  faire  basculer  un  transistor  MOS  a  grille  flottante  de  l'etat 
passant  a  l'etat  bloque  et  reci proquement  a  partir  d'une  irradiation  par 
faisceau  d 'electrons  dans  un  microscope  electronique  a  balayage.  Nous 
determinons  l'influence  du  champ  d'extraction  sur  les  rendements  de  charge 
positive,  et  celle  de  l'etat  electrique  initial  de  la  grille  flottante  sur 
le  potentiel  positif  atteint.  Ces  resultats  ouvrent  la  voie  au  test  et  a 
la  reconfiguration  de  circuits  integres  par  le  seul  faisceau  d'electrons. 


Abstract  -  In  this  paper,  it  is  shown  for  the  first  time  that  an  electron 
beam  is  able  to  switch  an  oxide  embedded  floating  gate  MOS  transistor  from 
the  on  to  the  off  state  and  inversely.  These  experiments  are  achieved  in  a 
classical  Scanning  Electron  Microscope.  We  derive  the  influence  of  :  i) 
the  extraction  voltage  on  the  positive  charging  yield,  ii)  the  initial 
floating  gate  voltage  on  its  final  positive  voltage.  These  preliminary 
results  open  the  way  to  future  e-beam  testing  and  reconfiguration  method 
of  integrated  circuits. 


I  -  INTRODUCTION 

Today  the  electron  beam  testing  of  integrated  circuits  is  coming  of  age  and  the 
equipments  now  available  are  consistent  with  the  performances  of  integrated 
circuits  / 1  , 2 / .  However  the  interaction  of  the  electrons  with  sensitive  parts 
of  the  circuits  may  lead  to  new  electron  beam  testing  possibilities.  For 
example  the  activation  of  switches  with  the  primary  electrons  is  possible 
without  any  extra  electrical  wire  / 3 / .  It  opens  the  way  to  partitioning  or 
reconf iguration  of  circuits  in  connection  with  testing.  A  first  possibility 
consists  in  short  circuiting  a  reversely  biased  junction  by  the  excess  elec¬ 
tron  hole  pairs  located  in  the  vicinity,  this  is  the  EBIC  effect.  Unfortuna¬ 
tely,  in  order  to  cross  the  various  oxide  sheets  above  the  silicon  substrate 
high  energy  electrons  are  required.  This  may  lead  to  damages  on  adjacent 
devices  /A/  and  makes  difficult  primary  energy  changes.  A  second  way  consists 
to  deposit  charges  on  or  above  an  oxide  embedded  floating  gate  MOS  transistor. 
Up  to  now  efficient  negative  charge  deposition  has  been  observed  at  primary 
beam  energy  of  5  / 3 /  and,  more  recently  of  3  keV  / 5 / .  Ultra  violet  irradiation 
is  required  in  order  to  erase  the  deposited  charge. 

In  this  paper,  we  report  experimental  results  showing  that  writing-erasure 
cycles  can  be  achieved  only  by  means  of  electron  beam  deposition  into  the  top 
oxide  covering  the  floating  gate  of  first  a  negative  and  secondly  a  positive 
charge.  The  results  and  the  main  parameters  governing  the  positive  electron 
beam  charging  are  discussed  below. 

II  -EXPERIMENTS  AND  DISCUSSIONS 

The  experiments  have  been  achieved  on  n  channel  depletion  mode  floating  gate 
transistors  embedded  in  a  700  nm  top  oxide.  The  polysilicon  gate  dimensions  ara 
25  x  25  pm  and  the  oxide  thickness  around  the  gate  merges  around  2  urn.  The 
devices  are  irradiated  inside  an  ISI  SS  40  Scanning  Electron  Microscope.  The 
evolution  of  the  electrical  parameters  is  established  using  a  Hewlett  Packard 
IIP  4145  transistor  parameter  analyser.  The  charge  deposition  is  obtained  in  the 
scanned  mode,  the  surface  exposed  to  the  electrons  is  much  larger  than  the  gate 
of  the  device. 

In  a  first  step  the  floating  gate  normally  on  transistors  are  shifted  in  the 
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off  state  by  a  3  keV  primary  beam  negative  charging 
is  achieved  by  irradiating  with  primary  electrons 
kV/mm  extraction  field,  this  switches  the  device  to 


/5/.  Then  positive  charging 
of  1.4keV  and  using  a  0.28 
the  on  state  (fig.  1). 


Fig.  1  -  Example  of  the  drain  source  currents  of  the  floating  gate  MOS  transis¬ 
tor,  at  5  V  drain  source  polarisation  versus  the  incident  dose.  Negative  and 
positive  charging  correspond  respectively  to  (•)  and  (x). 

In  both  cases,  a  3.10  6  C  cm  2  incident  charge  is  sufficient  to  obtain  a 
current  variation  of  three  orders  of  magnitude.  The  parameters  driving  the 
negative  charging  are  well  established  /6 /  but,  up  to  now,  this  is  not  the  case 
in  the  positive  region.  The  floating  gate  voltage  variations  are  deduced  / 6 /  by 
comparing  the  electrical  characteristics  of  same  size  floating  gate  and  normal 
MOS  transistor  processed  on  the  same  chip.  The  experimental  results  are  repor¬ 
ted  on  fig.  2  at  various  extraction  fields. 


Fig.  2  -  Evolution  of  the  positive  floating  gate  voltage  variation  versus  the 
incident  dose.  The  extraction  fields  used  are  respectively  1  kV/mm  (*)  and 
0.28  kV/mm  ( • ) . 


These  variations  correspond  to  the  difference  between  the  initial  -3  V  gate 
voltage  and  successive  steps  when  positive  charging  occurs.  The  deposited 
charge  first  increases  and  then  saturates  when  a  final  positive  voltage  is 
obtained.  The  limit  voltage  increases  with  the  extraction  voltage. 

The  charging  yield  Y  of  the  top  oxide, i.e.  the  ratio  between  deposited  and 
incident  chargee,  depends  on  the  backscattered  and  on  the  secondary  yields  t> 
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and  {(Ep,  Xj)  respectively  / 7 / .  This  last  yield  depends  on  the  primary  beam 
energy  Ep  and  also  on  other  parameters  Xj  considered  below. 

The  bound  voltage  is  obtained  when  Y  =  h  +  6  (Ep  ,Xj  )  -  1  (1)  tends  towards 
zero.  The  yield  variation  is  deduced  at  various  extraction  voltages  (fig. 3) 
from  the  evaluation  of  the  charging  slope  in  the  linear  zone  (see  fig. 2). 


Fig.  3  -  Charging  yield  variations  versus  extraction  voltage. 

Since  a  large  planar  extracting  grid  about  1  cm  diameter  is  placed  above  the 
specimen,  in  the  objective  lens  bore,  the  homogeneous  extraction  field  strongly 
affects  the  electron  trajectories.  In  the  first  zone  the  major  part  of  the 
reemitted  electrons  is  directed  out  of  the  insulator  surface,  while  in  the 
second  part  only  the  particles  with  highest  angles  of  incidence  are  driven  by 
the  field. 

The  positive  saturation  voltage  reached  increases  with  the  extraction  voltage 
(see  fig. 2),  but  depends  only  slowly  of  the  initial  voltage  of  the  floating 
gate  within  the  -3  V,  +  0.75  V  range  (fig. 4). 


vs.  v 


t.5  h 


1  T 


o.s 


Fig.  4  -  Evolution  of  the  saturation  voltage  at  various  initial  states. 


On  one  hand  the  limit  obtained  is  largely  sufficient  to  switch  on  again  the 
transistor.  On  the  other  hand  it  remains  higher  than  the  capacitively  induced 
surface  voltage,  i.e.  Vsc  =  (  Cvacuum  /  Coxide  )  Vextr.  ,  which  is  equal  to 
0.15  V  on  the  device. 

Let  us  now  come  back  to  the  secondary  yield  which  is  strongly  related  to  the 
saturation  voltage.  It  depends  on  :  i)  the  primary  beam  energy  as  currently 
admitted  HI,  ii)  the  extraction  field  as  established  here,  iii)  the  positive 
surface  voltage. 

When  the  voltage  is  increased,  low  energy  electrons  are  driven  back  to  it,  it 
gives  then  a  low  energy  cut  off  filter.  Let  us  call  this  function  F(Vs),  where 
Vs  is  the  surface  potential,  it  is  written 
50eV  50eV 

N(E)  dE  /  N(E)  dE 

«Vs 


F(Vs) 


0 


(2) 
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1/2 

with  N(E)  =  1,5  E  exp(  2  -(8/3  E  )  )  (3) 

is  the  secondaries  energy  distribution  as  established  by  Kollath  /8/. 
Consequently  if  we  suppose  that  6o(Ep)  represents  the  normal  secondary  yield, 
i.e.  without  any  surface  effect  on  the  electrons  trajectories,  F(Vs)  the  filter 
function,  and  G  (Vextr.)  the  influence  of  the  extraction  field,  the  effective 
secondary  yield  may  be  written 

6 (  Ep  ,  Vs  ,  Vextr.  )  =  6o(Ep)  .  F(Vs)  .  G(Vextr.)  (4) 

Then  the  final  attainable  voltage  corresponds  to  : 


F(  Vs  )  =  (  1  -  n  )  /  (  <5o(Ep)  .  G(  Vextr  .  )  )  (5) 


It  is  clear  that  the  higher  the  extraction  voltages  and  the  normal  yields,  the 
lower  the  filtering  function  and  the  higher  the  positive  surface  allowable 
voltage  are.  This  simple  approach  gives  a  qualitative  agreement  with  experi¬ 
ment.  In  fact,  the  charging  mechanism  in  presence  of  an  extraction  field  is  a 
complex  phenomenon  /9,10,11/  requiring  more  further  developments  and  studies. 


I I I -CONCLUSION 

We  have  demonstrated  for  the  first  time,  that  both  negative  and  positive 
charging  of  silicon  dioxide  embedded  floating  gates  MOS  transistors  are  achie¬ 
vable  in  a  Scanning  Electron  Microscope.  The  activation  of  such  a  switch  has 
been  actually  demonstrated,  and  the  main  parameters  for  positive  charging  have 
been  established.  It  is  shown  that  the  extraction  field  may  appreciably  change 
the  charging  yield  and  consequently  the  positive  voltage  attained  by  the  gate 
voltage.  This  parameter  is  only  slowly  dependent  on  the  initial  gate  voltage, 
so  a  MOS  transistor  can  be  switched  from  the  off  to  the  on  state  with  a  current 
ratio  of  three  orders  of  magnitude.  This  work  shows  that  the  concept  of  e-beam 
testing  and  reconfiguration  using  the  same  tool  does  not  appear  unrealistic. 
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ABSTRACT 

Anomalous  effects  have  been  evidentiated  during  pulsed  I/O  overvoltage  tests,  such  as 
"window  effects",  i.  e.  disappearing  of  the  latch-up  condition  for  high  I/O  injected 
current.  Infrared  microscopy  observation  reveals  that  anomalous  effects  are  due  to  the 
dynamic  redistribution  of  supply  current  between  different  latch-up  paths.  Bus 
analysis  is  confirmed  by  the  SPICE  simulation  of  the  luoped  equivalent  circuit  of  a 
CMOS  output  conprising  two  coupled  pnpn  parasitic  structures. 

1.  INTRODUCTION 

Pulsed  I/O  overvoltage  tests  allow  to  evaluate  eletrical  sensitivity  to  latch-up  of 
finished  CHDB  integrated  circuits,  reducing  device  heating  and  consequent  damage,  and 
providing  a  more  realistic  similation  of  transients  [1J. 

However,  due  to  the  three-dimensional  current  distribution  within  a  single  or  between 
different  pnpn  structures  on  the  same  chip,  anomalous  effects  may  arise,  such  as  :  decrease 
of  the  latch-up  steady-state  current  at  increasing  the  current  injected  into  I/O,  Fig.  1,  and 
"window  effects",  i.  e.  the  existence  of  a  well  defined  interval  of  pulsed  injected  currents, 
with  lower  and  upper  limits,  for  latch-up  to  occur,  Fig.  2. 

These  effects  may  lead  to  neglect  potentially  dangerous  latch-up  paths  and  can  induce 
serious  errors  in  the  evaluation  and  screening  of  CMOS  integrated  circuits  [2-4). 

2.  ELECTRICAL  CHARACTERIZATION  AND  ANOMALOUS  EFFECTS 

We  tested  a  wide  number  of  commercial  devices  with  different  technologies,  layout  and 
logic  functions  by  applying  pulsed  overvoltages  to  I/O  pins.  Supply  current  Idd  was  monitored 
to  verify  the  occurrence  of  latch-up.  Several  anomalous  effects  were  observed,  Which  can  be 
better  described  by  reporting  the  steady-state  value  of  the  supply  current  Idd  in  latch-up 
condition  as  a  function  of  the  negative  pulse  current  applied  to  the  output,  lout,  Figs.  1 
and  2. 

Figs.  1  and  2  refer  to  a  specific  output  of  a  4  bit  full -adder  manufactured  with  a 
standard  3  urn  CMOS  p>-wel  1  technology,  for  a  pulse  duration  rd  =  20  |is  and  a 
supply  voltage  Vdd  :11V.  In  this  circuit  latch-up  can  be  initiated  by  applying  a  negative 
voltage  pulse  (rd  =  20  us)  to  a  specific  output,  thus  forward  biasing  the  n+/p  drain 
Junction  of  the  NM06  output  transistor. 

Two  anomalous  effects  were  identified  during  measurements;  the  first  one  is  observed 
at  high  values  of  Vdd,  12. 2  V  in  Fig.  1.  As  can  be  seen,  at  lout  :  24  mA  latch-up  is 
initiated  and  Idd  reaches  the  value  of  120  mA.  At  increasing  lout,  the  steady-state  latch-up 
current  Changes,  suggesting  the  existence  of  more  than  one  latch-up  path  in  fact,  four 
different  latch-up  conditions  can  be  observed  in  Fig.  1,  identified  as  a),  b),  c)  and  d). 

Moreover,  Idd  is  not  an  increasing  function  of  lout  as  can  be  expected  if  an  increasing 
rurioer  of  latch-up  paths  had  turned  on 

The  boundaries  between  conditions  a),  b)  c)  and  d)  were  found  to  be  markedly  dependent 
on  Vdd  and  rd  and  at  decreasing  Vdd  the  interval  of  existence  of  some  conditions  of 
latch-up  is  reduced  until  they  disappear. 

Vhen  Vdd  is  decreased  below  12  V  a  second  anomalous  effect  can  be  observed  thich 
consists  of  the  appearance  of  a  "latch-up  window",  i.  e.  of  an  interval  of  lout  values,  with 
lower  and  upper  limits,  for  latch-up  to  occur. 


(i)  Work  partially  supported  by  CUR,  Proget to  Final izzato  Materiali  e  Dispasitlvl  per 
1' Elettronlca  a  Stato  So  lido 
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Figure  2  reports  the  steady-state  latch-up  current  Idd  as  a  function  of  lout  for  Vdd  =  10  V; 
as  can  be  seen  latch-up  can  only  be  triggered  for  24  n*  <  lout  <  172  mi.  and  lout  >  272  mi. 
Finally,  for  Vdd  <  8  V,  latch-up  car,  not  be  triggered  anymore. 


Iout  <mA)  lout  (m  A  ) 


Fig.  1  Steady-state  latch-up  current  Idd  vs  Fig.  2  Steady-state  latCh-up  current  Idd  vs 

lout  for  Vdd  =  12.  2  V  and  rd  =  20  ps  in  lout  for  Vdd  =  10  V  and  rd  ;  20  ps  in  the 

the  4  bit  full  adder.  Four  different  latch -up  4  bit  full  adder,  showing  the  presence  of  the 
conditions  are  identified  as  a),  b)  c)  arid  latch-up  window  effect, 
d). 

3.  INFRARED  MICROSCOPY  ANALYSIS 

To  locate  active  latch-up  paths  and  explain  anomalous  effects  we  made  recourse  to  IR 
microscopy  [5].  This  technique  allows  to  identify  latch-up  current  flow  within  the  parasitic 
pnpn  structures  by  detecting  the  near  IR  radiation  (X  =  1.1  urn)  emitted  due  to 
electron-hole  recombinat i on  in  Si  crossed  by  large  current  density.  A  special  IR  system 
( Infrapo  1  by  Reichert -Jung)  was  adopted;  this  system  is  equipped  with  a  FbS  vidicon  camera 
and  with  objectives  modified  and  treated  to  minimize  aberrations  and  glare  and  to  optimize 
contrast  and  image  quality  in  the  IR  spectrum  The  response  covers  the  range  between  450  ran 
and  1800  ran  tut  the  visible  part  of  the  spectrtsn  is  usually  faltered  to  avoid  saturating  the 
detector.  Because  blacKbody  radiation  of  a  sanple  at  T  <  300  °C  has  negligible  intensity  for 
wavelenghts  lower  than  2  urn,  the  map  of  the  IR  radiation  emitted  by  the  device  under  test 
will  show  the  actual  distribution  of  rec onhinat i on  current  and  not  tic  areas  of  maximsn  heat 
dissipation.  Moreover,  because  Si  is  transparent  to  IR  radiation,  the  emission  due  to  latch- 
up  can  be  observed  from  the  back,  through  the  Si  substrate,  even  when  latch-up  sites  are 
covered  on  top  by  metal  lines.  This  greatly  favour  IR  microscopy  with  respect  to  other 
analytical  techniques  for  latch-up  analysis  and  layout  correction  of  VLSI  circuits  with  tight 
design  rules. 

Fig.  3  shows  the  IR  images  (in  latch-up  condition)  of  the  output  of  a  quad  and-or 
select  gate  manufactured  with  a  standard  3  ym  CUDS  p-wel  1  technology.  At  increasing  the 
lout  current,  five  different  levels  of  steady-state  latch-up  current  absorption  can  be 
measured.  When  the  device  is  observed  by  IR  microscopy  in  the  same  electrical  conditions,  the 
presence  of  five  different  combinations  of  active  latCh-up  paths  are  observed.  Figs.  3a)- 
e).  Areas  of  maxinun  current  density  appear  as  white  spots  in  Fig.  3. 


QUAD 
AND-OR 
SELECT 
100  y  m 


conoition  a) 


b)  c)  d)  el 


Fig.  3  IR  micrographs  (from  the  top)  with  topography  supjer  imposed  of  the  output  region  of  the 
quad  and-or-select  in  five  different  conditions  of  latch-up  current  absorption. 

The  4  bit  full  adder  whose  electrical  characteristics  wrere  described  in  Figs.  1  and  2 
also  exhibits  the  presence  of  four  different  latch-up  current  paths,  corresponding  to  the  a), 
b),  c)  and  d)  latch-up  conditions  identified  in  Fig.  1.  At  a  lower  Vdd  voltage,  Fig.  2,  IR 
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microscopy  reveals  the  turning  on  of  the  paths  a),  b)  and  d),  while  in  correspondence  of  the 
lout  range  where  latch-up  condition  c)  was  previously  observed.  Fig.  1,  no  latch-up  is 
observed,  so  that  a  "latch-up  window"  is  created.  Fig.  2, 

In  all  the  circuits  which  exhibited  latch-up  windows  we  verified,  by  means  of  IR 
microscopy,  the  presence  of  different  latch-up  paths.  Similar  anomalous  effects  were  observed 
in  a  large  number  of  CUDS  devices,  comprising  VLSI  technologies  with  very  small  geometries. 


I  OuM  lou t  2 


Fig.  4  Luiped  equivalent  circuit  model  of  the  output  of  a  CMOS  IC's  comprising  two  parasitic 
pnpn  paths  in  shunt  connection,  LI  and  L2,  and  two  output  circuits  El  and  E2.  Hie  two 
structures  El -LI  and  E2-L2  are  simnetric,  except  for  the  two  output  resistances  Rso  and  Rdo. 
Rso  is  lower  than  Rdo. 

4.  SPICE  SIMULATION 

Results  of  electrical  measurements  and  IR  microscopy  suggest  that  both  anomalous 
effects  depicted  in  Figs.  1  and  2  are  due  to  dynamic  conpetitlon  and  current  redistribution 
between  different  latch-up  paths.  To  confirm  this  hypothesis,  we  made  recourse  to  the  SPICE 
simulation  of  a  limped- parameter  circuit  which  comprises  two  parasitic  structures  in  shunt 
connection.  Fig.  4.  In  Fig.  4,  bipolar  transistors  Q1-Q2  and  06-07  correspond  to  actual  SCR 
structures,  associated  with  sources  of  HUS  transistors  and  identified  as  LX  and  L 2  in  Fig.  4; 
Q3-Q4  and  07-08  are  instead  due  to  M3S  drains  and  form  the  "output"  structures,  E1-E2  in 
Fig.  4,  driven  by  the  same  voltage  source  Vout.  Hie  two  structures  El -LI  and  E2-L2  differ  only 
in  the  value  of  the  output  series  resistances  Rso  and  Rdo,  so  that  different  currents  Ioutl 
and  Iout2  are  injected  into  El  and  E2.  In  particular,  Rso  is  lower  than  Rdo. 


o  100  200  400  500 


I  out  (  m  A  ) 


Fig.  5  Steady- state  latch-up  current  Idd  vs  lout  for  Vdd  =  5  V  and  rd  =  1  ps  as 

obtained  by  the  SPICE  emulation  of  the  circuit  of  Fig.  4  .  Latch-up  conditions  a)  and  b) 
correspond  to  the  turning  on  of  structure  LI  and  L2  respectively.  Hie  presence  of  the  latch- 
up  window  effect  is  also  evident. 

Results  of  the  simulations  are  summarized  in  the  Idd- 1  out  plot  of  Fig.  5.  Two  latch-up 
windows,  separated  by  an  interval  of  no-latch-up  condition  were  obtained  In  fact,  latch-up 
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can  only  be  triggered  for  75  mA  <  lout  <  210  nA,  ufoen  the  path  LI  is  in  latch,  and  for  lout  > 
390  nA,  viien  the  latch-up  current  flows  through  L2.  Owing  to  tte  assucption  of  two  identical 
latch-up  structures  in  the  model,  the  value  of  the  latch-up  current  Idd  in  steady-state 
conditions  is  the  same  for  the  two  latch-up  conditions  identified  as  a)  and  b)  in  Fig.  5.  For 
small  negative  excitations  the  LI  path  is  activated  thanks  to  the  current  injected  into  the 
base  of  02,  which  is  greater  than  the  corresponding  •  current  injected  into  the  base  of  06.  For 
high  negative  excitation  voltages  transistors  04  and  06  operate  in  the  far  reverse  active 
region  during  the  Vout  pulse.  Because  of  the  longer  recovery  time  of  the  output  circuit  E2, 
when  the  external  pulse  is  removed,  transistor  06  is  still  bolded  in  the  forward  active 
region,  while  02  has  already  turned  off,  so  that  circuit  L2  latches. 

Competition  between  El -LI  and  E2-L2  circuits  is  essentially  dynamic  and  "window" 
behaviour  can  be  obtained  also  when  switching  times  of  the  two  branches  of  the  circuit  are 
made  different  by  changing  the  value  of  emitter-base  shunt  resistances  and/or  of  forward  and 
reverse  transistor  transit  times. 

5.  CONCLUSIONS 

Infrared  microscopy  analyses  of  anomalous  effects  confirm  that  discontinuities  in  the 
value  of  Idd  are  due  to  current  switching  between  different  parasitic  structures  in  shunt 
connection.  The  presence  of  latch-up  windows  appears  to  be  also  due  to  the  same  reason;  in 
fact,  window  effects  are  always  coupled  with  the  existence  of  more  than  one  parasitic  path 
within  the  same  chip. 

Despite  the  well-known  limitations  of  the  lumped  equivalent  circuit  model  of  latch- 
up,  and  the  difficulty  of  measuring  correct  model  parameters  for  parasitic  bipolar  devices 
[6],  the  SPICE  simulation  of  two  parasitic  SCR  structures  in  Shunt  connection  is  able  to 
reproduce  anomalous  effects.  Dynamic  current  redistribution  between  the  two  structures,  which 
can  be  due  to  many  possible  difference  in  circuit  parameters,  causes  the  switching  of  latch- 
up  from  one  structure  to  the  other,  and  at  low  Vdd  values,  the  presence  of  latch-up  windows. 

CUr  results  are  in  agreement  with  those  described  by  other  authors  [3, 4]  iho  studied 
the  latch-up  window  effects  as  a  function  of  the  dose  rate  of  ionizing  radiations.  In  [4] 
Johnston  and  Baze  used  a  Q- switched  Hd:  glass  laser  (X  =  1.06  pm)  to  Induce  latch-up 
in  tested  devices  and  found  out  that  competition  between  different  latch-up  regions  was  the 
cause  of  window  behaviour  in  CMOS  devices.  However,  beam  diameter  of  the  scanning  laser  was 
150  pm,  so  that  lateral  resolution  was  too  poor  to  follow  the  behaviour  of  single 
distributed  pnpn  structures.  Our  observations  demonstrate  that  latch-up  windows  with  respect 
to  I/O  injected  current  can  be  also  due  to  three-dimensional  current  redistribution  within 
the  same  pnpn.  Fig.  3.  Similar  three-dimensional  effects  were  found  to  cause  hysteresis 
effects  in  static  I-V  characteristics  of  large  pnpn  structures  [2J, 

Finally,  IR  microscopy  demonstrated  to  be  a  powerful  tool  to  easily  identify  latch-up 
sites  and  to  correlate  latch-up  current  distribution  with  electrical  Characteristics.  Its 
capability  of  observing  latch-up  paths  through  the  Si  substrate  also  when  parasitic 
structures  are  covered  on  top  by  metal  lines  represents  a  fundamental  advantage  for  the 
observation  of  CMOS  VLSI  circuits  with  tight  design  rules. 
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R6sum6  -  Les  caract6ristiques  de  structures  d' isolation  LOCOS  semi-enterr6  et 
LOCOS  enterre  ont  6t6  analysfees.  En  particuliers,  les  simulations 
bidimensionnelles  coupl6es  de  technologie  et  de  dispositif,  rfealisfees  avec  le 
logiciel  IMPACT,  ont  d6montr6  1' influence  de  1' interface  Si/SiO  2  sur  les 
performances  d' isolation.  Un  excellent  accord  simulation-experimentation  a  6t6 
trouv6  pour  les  structures  6tudi6es. 

Abstract  -  Electrical  characteristics  of  semi-recessed  and  fully-recessed  LOCOS 
isolation  techniques  are  analyzed.  Two-dimensionnal  process/device  simulations, 
performed  with  the  IMPACT  package,  have  demonstrated  the  effect  of  the  Si/Si02 
interface  shape  on  isolation  efficiency.  An  excellent  agreement  has  been  found 
between  simulations  and  measurements  for  the  studied  structures. 

I  -  INTRODUCTION 


Device  isolation  presents  critical  aspects  for  circuit  packing  density  in  VLSI. 
LOCal  Oxidation  of  Silicon  (LOCOS)  is  classically  limited  by  the  bird's  beak  extension 
and  lateral  diffusion  of  the  channel  stop  region  into  active  transistor  area.  Several 
technological  alternatives  were  proposed  to  control  lateral  growth  of  oxide,  such  as 
SILO  technique  (Sealed  Interface  Local  Oxidation)  by  using  successive  silicon  nitride 
and  deposited  oxide  layers  / 1,2/.  In  order  to  evaluate  a  new  isolation  process, 
numerous  technological  and  device  physics  aspects  have  to  be  investigated  to  clarify 
important  two  dimensional  (2D)  parasitic  effects  /3/.  So  the  use  of  coupled 
process/device  simulations  is  of  prime  necessity.  This  paper  proposes  a  comparison  of 
electrical  performances  for  both  semi  and  fully-recessed  isolation  structures  by  means 
of  process-device  simulations  and  experimental  results.  A  special  attention  has  been 
devoted  to  the  bird's  beak  shape  description  to  demonstrate  the  electrical  implications 
induced  by  geometrical  effects.  An  advanced  version  of  the  IMPACT3  device  simulator 
extended  for  isolation  structure  modeling  linked  to  the  IMPACT2  /4/  process  simulator 
was  extensively  used  for  two  dimensional  electrical  analysis. 

II  -  PROCESS  DESCRIPTION 


Table  I  outlines  the  main  characteristics  of  the  isolation  stuctures  that  has 
been  investigated.  SEM  cross-sectional  views  of  both  structures  are  shown  in  figure  1  . 
For  each  of  them,  two  versions  have  been  fabricated: 

an  aluminium  gate  version  for  which  a  0.5  micron  poly-silicate-glass  (PSG)  layer  was 
deposited  prior  the  aluminium  level,  (figure  2) 

-  a  polysilicon  gate  version.  In  this  case,  the  n’  diffusion  regions  are  self-aligned 
to  the  polysilicon.  A  550  A*  thick  oxide  layer  of  about  3  microns  long  exists  between 
the  field  oxide  mask  and  the  edge  of  the  poly  mask,  (figure  3) 

III  -  ISOLATION  PROPERTIES 


The  major  difference  between  the  semi-rox  and  the  full-rox  structure  is  the 
bird's  beak  shape.  Because  the  Junctions  are  shallower  than  the  planar  part  of  the 


* 1 1  Subsidized  by  Centre  National  de  la  Recherche  Scientifique  -  CNRS 

(J)  Supported  by  1' Institut  pour  1 ' encouragement  de  la  recherche  scientifique  dans 

1' Industrie  et  1' agriculture  -  IRSIA 


C4-814 


JOURNAL  DE  PHYSIQUE 


Si/Si02  interface,  the  oxide  comers  are  incorporated  into  the  channel  region.  Figures 
4  and  5  show  the  potential  variations  along  the  interface  for  both  structures  with  a 
polysilicon  gate.  Differents  barrier  deformations  are  observed  when  the  gate  bias 
affects  sufficiently  the  interface  potential  distribution.  Indeed,  the  potential 
barrier  of  the  fully-recessed  structure  is  then  located  under  each  bird's  beak  comer, 
but  remains  spread  over  the  whole  field  oxide  interface  in  the  case  of  the 
semi-recessed  structure.  Because  the  current  in  the  overall  structure  is  controlled  by 
electron  emission  over  the  potential  barrier  at  the  source  side,  the  fully-recessed 
device  shows  better  isolation  properties  than  the  semi-recessed  one.  This  point  is 
illustrated  by  the  ID-VG  characteristics  for  both  aluminium  and  polysilicon  gates 
(resp.  figures  6  and  7).  Notice  that  an  excellent  agreement  is  found  between  measured 
and  calculated  drain  currents  that  validates  the  simulation  approach. 

Further  simulations  have  been  carried  out  on  2  and  7  microns  long  aluminium  gate 
devices  without  the  PSG  layer,  for  a  5  volts  drain  bias  condition.  Characteristics 
plotted  in  figure  8  demonstrates  the  sensitivity  of  the  semi-recessed  isolation 
structure  to  the  n*  to  n*  spacing  (L).  By  opposition,  the  fully-recessed  structure  does 
not  reveal  this  typical  1/L  dependence  in  the  subthreshold  mode  of  operation.  Indeed, 
the  effective  channel  length  is  in  this  case  reduced  to  the  curved  part  of  the  field 
oxide  interface  and  makes  the  whole  parasitic  transistor  dominated  by  the  two  comer 
devices . 

IY  -  SENSIBILITY  TO  DIBL  EFFECT 

The  simulations  performed  on  a  2  microns  long  device  have  allowed  to  analyze  the 
effect  of  Drain  Induced  Barrier  Lowering  (DIBL)  combined  to  the  comer  effect.  The 
drain  bias  modulates  the  potential  distribution  around  the  n  *  diffusion  and  first 
affects  the  potential  barrier  in  the  corresponding  region.  As  the  curved  part  of  the 
interface  located  on  the  drain  side  requires  more  band  bending  to  invert  because  of  the 
influence  of  the  drain  controlled  depletion  region,  the  channel  is  firstly  formed  in 
the  source  region  (figure  9).  Figure  10  illustrates  the  potential  distribution  along 
the  interface  for  gate  bias  varying  from  0  to  15  volts.  This  result  shows,  once  again, 
how  the  newly  located  potential  barrier  leads  to  a  better  immunity  against  the  DIBL 
effect,  for  the  full-rox  isolation  structure. 

CONCLUSION 


The  presented  results  obtained  from  coupled  process-device  analysis  have  outlined 
the  sensitivity  of  isolation  structure  to  the  field  oxide  shape.  As  the  comer  effect 
provides  better  characteristics  for  threshold  voltage,  subthreshold  slope  and  drain 
voltage  dependence,  buried  oxide  isolation  structures  with  sharpened  comers  appear  as 
a  valuable  solution  for  micron  and  submicron  technologies.  Moreover,  the  experimental 
characteristics  of  the  studied  structures  have  revealed  to  be  in  good  agreement  with 
two  dimensional  numerical  modeling,  and  have  proved  the  capabilities  of  the  IMPACT 
simulation  tool  to  investiga.e  physics  of  new  isolation  structures. 
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FIGURE  1  :  SEM  CROSS-SECTIONAL  VIEWS  OF  THE  FIELD  OXIDE  EDOE 
SEMI-RECESSED  STRUCTURE  FULLY-RECESSED  STRUCURE 
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FIGURE  2  :  ALUMINIUM  GATE  STRUTURES  2-D  IMPURITIES  EQUI-CONTOURS  LINES 
(A)  SEMI-RECESSED  STRUCTURE  (B)  FULLY-RECESSED  STRUCTURE 
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FIGURE  3  :  POLYSILICON  GATE  STRUCTURES  2-D  IMPURITIES  EQUI-CONTOURS  LINES 
(A)  SEMI-RECESSED  STRUCTURE  (D)  FULLY-RECESSED  STRUCTURE 


FIGURE  R  :  SEMI-ROX  STRUCTURE  FIGURE  5  :  FULL-ROX  STRUCTURE 

INTERFACE  POTENTIAL  DISTRIBUTION  FOR  POLYSILICON  GATE  DEVICES  ON  DRAIN  SIDE 
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FIGURE  6  :  ALUMINIUM  GATE  VERSION  FIGURE  ^  :  POLYSILICON  GATE  VERSION 

SIMULATED  AND  MEASURED  ID-VG  CHARACTERISTICS 
W/L*  100/20 
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FIGURE  8  :  CALCULATED  ID-VC  CURVES  FOR  DIFFERENT  DEVICE  LOGHTS 
0  Volt  .  Vbulk=  o  Volt  .  Vdrkin«  5  Volts 
W  »  100  Microns 


FIGURE  10:  ELECTRON  DENSITY  DISTRIBUTION  DURING  CHANNEL  FORMATION 
0  volt  .  Vb„,„.  0  volt  .  Vai..,„*  5  volts 

SEMI-ROX  STRUCTURE  :  (A)  5  volts  ,  (D)  V,.,.*  15  volts 

FULL-ROX  STRUCTURE  :  (C)  Vt>|>-  5  volts  ,  (D)  V|(ll-  15  volts 
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A  NEW  METHOD  FOR  THE  EXTRACTION  OF  MOSFET  PARAMETERS  AT  AMBIENT  AND  LIQUID 
HELIUM  TEMPERATURES 


F.  BALESTRA,  I.  HAFEZ  and  G.  GHIBAUDO 

Laboratolre  de  Physique  des  Composants  4  Semlconducteurs  ( CNRS-UR) , 
ENSBRG/INPG,  23,  Av.  des  Martyrs,  P-38031  Grenoble  Cedex ,  France 


Resume  -  Une  methode  originate  pour  1 'extraction  des  paramStres  des  Transistors  MOS 
est  p  “sentee  en  fonction  de  ia  temperature.  Cette  methode,  qui  repose  sur  une 
combine. son  des  caracteristiques  de  transfert  donnant  le  courant  de  drain  et  la 
transconductance,  permet  d'obtenir  des  valeurs  satisfaisantes  pour  les  paramStres 
de  tension  de  seuil  et  de  mobilite. 

Abstract  -  An  original  method  for  MOSFET  parameter  extraction  is  presented  as  a 
function  of  temperature.  This  method,  which  relies  on  combining  drain  current  and 
transconductance  transfer  characteristics,  enables  reliable  values  of  the  threshold 
voltage  and  mobility  parameters. 


1  -  INTRODUCTION 

At  ambient  temperature,  different  methods  for  the  extraction  of  the  MOSFET 
parameters  have  been  proposed  [1-3].  These  methods  are  based  primarily  on  the  premise  that 
the  threshold  voltage  V*  can  be  obtained  from  extrapolating  the  linear  region  of  the 
transfer  characteristics  Id(Vg)  to  zero  drain  current,  or  by  taking  the  low  field  mobility 
n0  equal  to  the  maximum  field  effect  mobility.  At  very  low  temperature,  no  reliable 
extraction  method  based  on  satisfactory  mobility  and  current  modelling  has  been  proposed  up 
till  now.  The  aim  of  our  method  is  to  present  a  new  parameter  extraction  which  avoids  the 
effect  of  mobility  reduction  with  gate  voltage  on  the  determination  of  both  the  threshold 
voltage  and  low  field  mobility  parameter.  The  extraction  is  conducted,  as  is  usual,  within 
the  strong  inversion  regime  of  the  MOSFET  linear  region  and  relies  on  the  drain  current  Id 
and  normalized  transconductance  gm  (gm  »  (l/Vd).dId/dVg)  expressions  [4,5]. 

2  -  EXTRACTION  METHOD  AT  AMBIENT  TEMPERATURE 

a)  Theory 

The  basic  idea  of  our  method  consists  of  constructing  a  function  which  eliminates 
the  influence  of  the  mobility  reduction  with  gate  voltage  (  At  300K  the  effective  mobility 
is  given  by  :  Heff  *  Mo  /  [1  +  0  (vg_vt)3  )•  This  is  achieved  by  the  following  function  : 
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Id^gm)^2  =  (  (WA)  Cox  Mo  Vd*KMVg-Vt)  , 

where  W  and  L  are  the  effective  channel  width  and  length  respectively,  Cox  is  the  gate 
oxide  capacitance,  e  is  the  mobility  reduction  coefficient,  n0  is  the  low  field  mobility, 
Vt  is  the  charge  threshold  voltage,  Vg  and  Vd  are  the  gate  and  drain  voltages  respectively. 

Since  this  quantity  ( I )  1S  linear  with  the  gate  voltage,  we  can  easily 
extract  the  real  values  of  charge  threshold  voltage  (V^)  and  low  field  mobility  (n0)  from 
the  intercept  and  slope  respectively.  It  is  worth  emphasizing  that  the  present  method 
allows  a  separate  determination  of  V*  and  h<>  which  is  not  the  case  in  the  previous  works 
[1-3].  Moreover,  it  is  worth  noting  that  the  charge  threshold  voltage  must  not  be  confused 
with  the  extrapolated  threshold  voltage  Vtext  of  the  linear  region  of  Id(Vg)  to  zero  drain 
current.  Indeed,  when  the  mobility  reduction  factor  e  is  not  equal  to  zero,  Vtext  is 
smaller  than  the  charge  threshold  voltage  Vt  [4].  Vtext  is  strictly  equal  to  Vt  only  when 
the  mobility  is  gate  voltage  independent. 

The  mobility  reduction  factor  e  can  be  determined  by  the  following  expression, 
which  is  constant  in  strong  inversion  : 

e  =  t  Id/(  9m  Vd  (Vg-Vt)  )  -  1  ]/(Vg-Vt)  . 

b)  Experiment 

Measurements  have  been  carried  out  on  n-channel  MOSFETs  fabricated  at  the  LETI/UR 
with  a  technology  adapted  for  low  temperature  operation,  with  a  surface  channel  doping  of 
1.5x10  *5  cmr3,  a  gate  oxide  thickness  of  120  nm,  and  different  geometries.  Therefore,  the 
threshold  voltages  are  very  low  at  ambient  temperature  (around  0V)  and  become  higher  at  low 
temperature.  Fig.  1  (a)  and  (b)  show  typical  plots  of  the  drain  current  Id(Vg)  and  the 
field  effect  mobility  mfe( vg)  (which  is  obtained  from  the  normalized  transconductance  by  : 
MFE  =  gny'((Z/t).C0X).  Note  the  sub-linear  dependence  of  Id  above  threshold  due  to  the 
decrease  of  the  mobility  at  high  gate  voltages.  Fig.  1  (c)  presents  the  corresponding  plot 
of  the  Id/'(gm)a//l  characteristics.  As  expected,  a  linear  dependence  with  gate  voltage  is 
obtained.  The  previous  method  allows  the  determination  of  the  ambient  temperature  MOSFET 
parameters  :  V*  =  -0.,035  V,  t*0  =  1236  cmW.s,  and  9  *  0.039  V"1.  Moreover,  we  can  observe 
that  Vt  is  higher  than  the  extrapolated  threshold  voltage  (Vtext  =  -0.065  V),  and  n0  is 
greater  than  the  maximum  field  effect  mobility  (pFEmax  =  1214  cmW.s).  This  method  has 
also  been  successfully  applied  at  liquid  nitrogen  temperature,  demonstrating  the  validity 
of  the  previous  relations  for  this  temperature  range. 

3  -  EXTRACTION  METHOD  AT  LIQUID  HELIUM  TEMPERATURE 
a)  Theory 

At  very  low  temperature  (4-40K),  the  conventional  relations  are  no  longer  valid, 
and  thus  the  previous  extraction  method  cannot  be  applied.  Indeed,  the  effective  mobility 
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of  an  inversion  layer  at  very  low  temperature  has  a  bell-shaped  behaviour  [5]  with 
inversion  charge  Qi  (  Heff  =  2  Mm  ^  (Qj/Qm  +  Qm^i)-  where  Hm  1S  the  maximum  mobility  and 
Qm  is  the  corresponding  inversion  charge  ).  Therefore,  the  effective  mobility  in  strong 
inversion  can  be  expressed  by  using  the  classical  relation  of  the  inversion  charge  ( = 
Cox  (Vg-Vt))  as  • 

Meff  =  2  Hm  9‘  (Vg-Vt)/[  1  +  9 1 2  (Vg-Vt)*  ]  ,  where  e'  =  Cox/Qm  is  the  mobility 

parameter  which  characterizes  the  gate  voltage  dependence  of  Heff  at  low  temperature. 

As  for  ambient  temperature,  the  basic  idea  is  to  eliminate  the  effect  of  the 
effective  mobility  dependence  on  gate  voltage.  This  is  achieved  by  using  the  following 
function,  obtained  by  combining  the  drain  current  and  normalized  transconductance  which  are 
expressed  using  the  low  temperature  mobility  law  : 

0d)2/M9m)'l/3  =  (  (W/L)  Cox  Hm  «'  Vd*  )*/3.(Vg-Vt)  . 

This  quantity  provides  both  the  charge  threshold  voltage  and  the  maximum  mobility  Hm< 
since  e1  can  be  determined  from  the  maximum  of  gm  given  by  : 

vgmax  =  Vt  +  l/(  \f3  0‘ )  . 

b)  Experiment 

Fig.  2  shows  the  transfer  characteristics,  the  field  effect  mobility  and  the 
I d3/3'/9m'l/3  function.  We  can  observe  the  expected  linear  dependence  of  this  function  on  the 
gate  voltage  which  confirms  the  validity  of  the  model  used  in  the  parameter  extraction.  The 
previous  method  enables  the  determination  of  the  low  temperature  MOSFET  parameters  :  V^-  = 
0.171  V,  o'  =  0.115  V-4,  and  Hm  =  4589  cmW.s.  Two  interesting  points  stand  out  :  Vt  is 
lower  than  the  extrapolated  threshold  voltage  (V^ext  =  1*78  v).  an(*  Mm  lower  than  the 
maximum  field  effect  mobility  (nFEmax  =  5600  cuVV.s),  which  is  not  the  case  for  ambient 
temperature  (Vt*Vtext  and  Ho*HFEmax)- 

4  -  CONCLUSION 

An  original  method  of  MOSFET  parameter  extraction  has  been  proposed  to  avoid  the 
effects  of  mobility  reduction  with  gate  voltage  on  the  determination  of  both  the  threshold 
voltage  and  the  mobility  parameters.  Different  methods  have  been  successfully  tested  for 
ambient,  nitrogen  and  helium  temperature  ranges. 
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Fig.  1  :  Ambient  temperature 

(a)  Transfer  characteristics, 

(b)  field  effect  mobility,  and 

(c)  function. 
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Fig.  2  :  Liquid  helium  temperature 

(a)  Transfer  characteristics, 

(b)  field  effect  mobility,  and 

(c)  (ld)*/Mgm)1/3  function. 
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Abstract  —  The  performance  of  position— sensitive  detectors  (PSD's)  with  an  epilayer  was 
investigated.  Defects  which  are  responsible  for  a  great  position — response  nonlinearity  in  the 
p — type  resistive  layer  were  fond.  The  influence  of  the  substrate  potential,  the  photocurrent 
generation  in  the  junction  between  the  epilayer  and  the  substrate,  and  the  dependency  of  the 
resistive  layer  thickness  on  the  local  potential  were  analyzed.  By  connecting  the  substrate  to  the 
same  potential  as  the  p— type  layer,  distortions  in  the  position— response  grid  are  reduced  to  a 
certain  degree.  A  simple  method  was  used  to  discover  this  kind  of  defect  in  an  early  stage. 


1.  —  Introduction 

In  recent  years,  the  commercially  developed  two-dimensional  position— sensitive  detectors  (PSD's) 
have  been  fabricated  with  a  diffusion  or  an  ion— implanted  layer  on  a  substrate.  In  1979,  Noorlag  / 1/ 
presented  a  two-dimensional  PSD  which  uses  an  epilayer  as  the  second  resistive  layer.  PSD's  based  on 
this  structure  have  the  virtues  of  providing  better  position— response  linearity  because  of  the  better 
homogeneity  of  the  epilayer,  perfect  electrical  isolation  along  the  edges  through  deep  p  diffusion  and 
avoidance  of  process  steps  on  the  back  of  the  wafer  so  that  the  standard  process  can  be  implemented. 
But  introducing  an  epilayer  into  the  PSD  also  causes  new  problems,  as  defects  in  the  epilayer  in  the 
form  of  stacking  fault  were  discovered.  The  effect  on  the  performance  of  the  PSD  was  discussed  in  an 
early  paper  /2[.  In  the  investigations  following  it  was  found  that  the  photocurrent  generation  in  the 
lower  junction  and  the  substrate  potential  have  a  great  influence  on  the  PSD.  The  dependency  of  the 
resistive  layer  thickness  on  the  local  potential  is  discussed.  The  analysis  results  are  also  applicable  to 
one — dimensional  PSD's  with  on — chip  signal  processing  circuit  /3/. 


2.  —  Variation  of  the  resistive  layer  thickness 

In  1960,  Lucovsky  /4/  derived  a  differential  equation  describing  the  lateral  photoeffect  in  the  PSD, 
which  lately  has  been  adopted  by  many  in  their  theoretical  studies  on  PSD's  with  different  configurations 
/ 1 ,5/.  However,  when  the  dependency  of  the  thickness  of  the  resistive  layer  on  the  lateral  photovoltage  is 
taken  into  account,  the  basic  differential  equation  can  be  derived  as: 

V ( cTfiV 0)  =  JPn  (p— type  layer) 

V(crsV<f>)  =  —Jpn  (n— type  layer) 

where  JPn  is  the  total  current  density  through  the  junction  and  os  the  sheet  conductivity  of  the  resistive 
layer.  If  <rs  is  constant,  Lukovsky's  equations  in  a  steady— state  are  obtained. 

The  influence  of  the  resistive— layer  thickness  variation  is  strong  in  one— dimensional  PSD's  which 
are  designed  with  a  large  length  to  width  ratio  and  operated  with  voltage  outputs/3/.  A  computer 
simulation  result  is  shown  in  Pig.  1 .  A  0.05  %  nonlinearity  in  the  position  response  will  occur  for  a 
P— type  layer  with  a  sheet  resistivity  of  3  kfi  and  a  length  to  width  ratio  of  20.  From  Fig.l  we  can  also 
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see  that  the  nonlinearity  is  an  independent  function  of  the  light  beam  movement  in  the  direction  parallel 
with  the  electrodes,  so  that  a  simplified  one — dimensional  model  can  be  used  for  the  nonlinearity 
calculation.  The  maximum  measurement  error  Ax  obtained  by  the  one — dimensional  model  is  given  by: 


Ax  = 


a  x 


Wo^ph^pV^pn 


l 


in  which  uy  is  the  thicknesses  of  the  depletion  layer  in  the  corresponding  resistive  layer,  wo  the  resistive 
layer  thickness,  Kmax  the  maximum  voltage,  /Ph  the  photocurrent,  RP  the  resistance  of  the  resistive  layer, 
Vpn  the  revers— bias  voltage,  /  the  length  of  the  device. 


Fig.  I  —  Simulation  results  for  a  one — dimensional  PSD  ( figure  is  not  to  scale).  The  lines  in  the  grid 
represents  the  loci  of  the  light  beam  with  equal  nonlinearity  in  percentage. 


3.  —  PSP's  with  one  defect 

In  the  analysis  it  is  assumed  that  the  size  of  the  defect  is  small  so  that  it  can  be  considered  as  an 
extra  current  generating  or  absorbing  source  with  a  fixed  position.  For  a  PSD  with  one  defect  the 
light— spot  position  Xn  measured  by  the  detector  becomes  then: 

h  ~  /l  lph(2lg/l  -  1)  +  /def(2zd//  1) 

* . - 1  = - 1 

h  +  h  /ph  +  /def 

where  /Ph  is  the  photocurrent  generated  in  the  upper  junction,  /def  the  current  through  the  defect,  x,  and 
zd  are  the  positions  of  the  light  beam  and  the  defect  on  the  x—  axis  respectively.  The  current  /def  is 
defined  as  positive  when  it  flows  from  the  substrate  to  the  p— type  layer.  The  effective  length  of  the 
resistive  layer  /eff  and  the  shift  of  the  zero  point  Ax  now  are  obtained: 

/ph  /def(2^d/f  -  1) 

leff  =  - /  Ax  =  -  l 

/ph  +  /def  /ph  +  /def 

which  shows  that  the  measured  effective  layer  length  and  the  zero  point  of  the  PSD  are  changed. 

For  PSD's  with  one  defect  and  a  floating  substrate,  as  shown  in  Fig.2(a),  the  value  of  /def  is 
always  positive  since  the  photocurrent  generated  in  the  lower  junction  can  only  flow  to  the  resistive  layer 
through  the  defect.  Therefore  the  measured  effective  layer  length  is  smaller  than  the  length  of  the  real 
resistive  layer.  When  the  electrode  on  the  substrate  is  held  at  the  same  potential  as  the  electrodes  on  the 
p— type  layer,  as  shown  in  Fig. 2(b),  the  photocurrent  generated  in  the  lower  junction  flows  directly  to 
the  electrode  on  the  substrate.  Because  the  local  potential  in  the  p— type  layer  is  always  higher  than  that 
in  the  substrate  due  to  the  lateral  photoeffect,  /def  is  negative.  This  means  a  prolonged  effective  layer 
length.  The  measurement  results  of  a  PSD  with  one  defect  is  shown  in  Fig.3.  The  reduction  of  the 
measured  effective  layer  length  is  30  %,  which  agrees  with  the  measurement  showing  that  the  same 
percent  of  photocurrent  is  coming  from  the  lower  junction.  From  Fig.3(b)  we  can  see  that  by  connecting 
the  substrate  to  the  same  potential  as  the  upper  electrodes  the  effective  layer  length  is  longer  than  when 
the  substrate  is  floating,  but  it  is  still  smaller  than  the  real  layer  length.  This  might  be  due  to  contact 
resistance  of  electrode  on  the  substrate,  so  that  there  is  still  a  portion  of  photocurrent  generated  in  the 
lower  junction  flowing  to  the  p— type  resistive  layer. 
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big. 2  An  illustration  of  a  PSD  with  one  defect:  a)  the  substrate  is  floating  and  b)  the  substrate  is  held  at 
the  same  potential  as  the  p~type  layer. 


the  p—type  layer. 


4.  —  PSD's  with  two  defects 


Figure  4  depicts  a  PSD  with  two  defects.  In  the  case  of  a  floating  substrate  the  defects,  together 
with  the  substrate,  form  a  current  path.  When  the  light  beam  is  moved  close  to  one  of  the  defects,  say 
at  a  position  on  the  right-hand  side  of  the  left  defect,  as  shown  in  Fig.4(a),  the  photocurrent,  which  was 
destined  for  the  electrode  on  the  left,  will  be  diverted  to  the  substrate  through  that  defect,  flow  back  to 
the  resistive  layer  through  the  other  and  be  finally  collected  by  the  electrode  on  the  right.  This  causes  a 
shift  in  the  measured  light— spot  position  to  the  right.  The  influence  of  this  current  diversion  on  the 
position— response  grid  is  smaller  when  the  light  beam  is  moved  to  the  left  of  the  left  defect.  Because  in 
that  case,  although  taking  a  different  path,  the  photocurrent  which  is  diverted  to  the  substrate  by  the 
defects  still  flows  to  the  electrode  it  ought  to,  i.e.  the  electrode  on  the  right.  This  explains  the  directional 
deformation  of  lines  in  the  measured  position— response  grid.  A  computer  simulation  result  is  shown  in 
Fig.5(a).  When  the  substrate  is  put  on  a  fixed  potential,  as  shown  in  Fig.4(b),  the  diverted  current  docs 
not  flow  back  to  the  resistive  layer.  Therefore,  the  directional  deformation  should  disappear,  as  shown  in 
Fig. 5(b).  In  practice  the  measurement  result  shows  only  a  slight  decrease  in  the  deformation,  which  may 
be  caused  by  the  contact  resistance  on  the  substrate  so  that  there  is  still  a  portion  of  photocurrent  which 
could  flow  to  the  opposite  electrode. 

.V  —  Measurement  results 

Measurements  were  carried  out  on  a  large  number  of  PSD's  (total  80)  and  PSD's  fabricated 
without  cpilayer  (total  8).  It  was  verified  that  the  existence  of  defects  in  the  PSD's  can  be  revealed  by 
carrying  out  electrical  measurement  instead  of  optical  as  this  kind  of  defect  causes  a  large  resistance 
deviation  (7.6%)  of  p—type  layers  over  the  whole  wafer,  and  an  ohmic  characteristic  in  the  IV— curve 
measured  between  the  p—type  layer  and  the  substrate.  The  extent  of  distortion  is  closely  related  to  the 
value  of  the  resistance  which  varies  from  several  kilo  ohms  to  hundreds  of  kilo  ohms. 
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Fig.4  A  schematic  illustration  of  a  PSD  with  two  defects :  a)  the  substrate  is  floating  and  b )  the  substrate  is 
held  at  the  same  potential  as  the  p — type  layer. 


Variations  in  the  resistive  layer  thickness  affects  the  position— response  linearity  of  the  PSD  when 
the  PSD  is  operated  with  a  voltage  output.  The  influence  is  proportional  to  the  length — to— width  ratio 
of  the  device.  When  defects  in  the  form  of  stacking  fault  are  present  in  the  epilayer,  photocurrent 
generation  in  the  lower  junction  reduces  the  effective  length  of  the  resistive  layer.  By  holding  the 
substrate  at  the  same  potential  as  the  p— type  resistive  layer  this  influence  is  reduced.  Therefore  it  is 
recommended  to  operate  PSD's  with  the  lower  junction  reverse  biased.  Besides  measurements  on  the 
leakage  current  and  resistance  distribution  of  resistive  layers,  the  current— voltage  characteristic  between 
the  p— type  layer  and  the  substrate  can  be  used  as  a  criteria  for  qualifying  PSD's.  Defects  of  the  kind 
described  above  can  be  discovered  in  an  early  stage  when  the  current— voltage  characteristic  shows  an 
ohmic  character.  This  makes  the  usually  time-consuming  optical  measurement  unnecessary. 
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